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Abstract 
The applicability of Variable Frequency Drives (VFD) has been widely used to substantially 
contribute to energy consumption savings. These savings have been achieved for a relatively low 
static head, especially when the flow rate demand or required discharge head is not constant and 
varies often with time. For the project described herein, a comparative study was conducted 
between a pair of Grundfos pumps and a Worthington pump in the steam power plant at the 
University of Kansas.  
These two types of pumps are used to supply condensate water to two different components of the 
steam power plant. One component is the deaerator tank, whose function is to preheat and deaerate 
the condensate water, before it is supplied to the boiler. This deareator tank is located in the 
basement of the steam power plant. The second component is the vent condensing heat exchanger, 
which is located on the first floor of the steam power plant. The vent condenser is used to reclaim 
some of the energy in the escaping non-condensable gases. All of the pumps’ operating data, such 
as discharge pressure, flow rate, and power consumption, were recorded for both of the pumps for 
two cases.  
In Case 1, the Grundfos pumps were operated in constant discharge pressure mode, and they were 
able to supply condensate water to both the deaerator tank and the vent condenser. The 
Worthington pump operated normally and was able to supply water to both components. However, 
in Case 1, it was found that the Grundfos pumps consumed 2.86 kW more power and provide a 
higher discharge pressure (1.97 PSIG more) and flow rate (52.534 GPM more) than the 
Worthington pump. The Grundfos pumps can operate in either pressure control mode or level 
control mode.  
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In Case 2, the Grundfos pumps ran in level control mode; and they were only able to feed the 
deaerator tank. They were not able to feed the vent condenser due to the vent condenser’s high 
static head (40 ft). For Case 2, the same task (feed the deaerator, but not the vent condenser) was 
assigned to the Worthington pump so that the two pump types had comparable jobs. In Case 2, 
Test #2, the Grundfos pumps consumed 2.83 kW less power than the Worthington pump. 
Moreover, the Grundfos pumps provided a discharge pressure and flow rate that was 18.684 GPM 
lower and 32.43 PSIG lower, respectively, than those of the Worthington pump.  
For Case 2, a life cycle cost analysis was performed in order to compare both types of the pumps’ 
total life cycle costs, and to determine which of the pump types had the lowest total life cycle costs. 
The present value of all LCCs for 20 years was $472,358 for the Grundfos pumps when running 
in level control mode, and the present value for the Worthington pump was $497,776. Thus, the 
net savings from running the Grundfos pumps in level control mode for 20 years, including all 
costs, was $25,418. However, in Case 2, the Grundfos pumps were incapable of feeding the vent 
condenser with condensate water. The vent condenser’s main purpose is to capture some of the 
energy from the non-condensable gases that are removed from the deaerator tank. The savings 
from using the vent condenser was found to be $812,547 over the same 20 year life. This savings 
was obvious more than the savings from using the Grundfos pumps when they operated in level 
control mode. Due to the fact that the savings from using the vent condenser was much more than 
the savings from using the Grundfos pumps, it is highly recommended to install another vent 
condenser so that some of the remaining non-condensable gases’ energy can be captured. More 
preferably, if these two vent condensers were installed next to the DA tank in the basement of the 
steam power plant, the steam power plant could save even more by using Grundfos pumps and 
vent condensers. 
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Chapter 1 
1.0 Objectives 
This Project has been developed in order to investigate the most cost effective components that 
provide the highest savings in the steam power plant located at the University of Kansas, Lawrence 
campus. Both the vent condensing heat exchanger and the Grundfos pumps’ savings were 
investigated. The Grundfos pumps can save energy when running in level control mode. In level 
control mode, they were incapable of feeding condensate water to the vent condenser located on 
the first floor of the steam power plant. In pressure control mode, they could provide vent 
condenser water. Hence, it was necessary to investigate the vent condenser’s savings. The vent 
condenser’s main purpose is to capture some of the energy from the non-condensable gases 
escaping from the DA tank. As a result, this project used LCCA in order to compare the savings 
from the Grundfos pumps when running in level control mode and from the vent condenser.   
1.1 Pumps 
A centrifugal pump is one of the components of HVAC systems. Centrifugal pumps have different 
kinds of jobs from providing water to a boiler to moving chilled and hot water to utilities equipment 
so that heat rejection takes place in the chillers [1]. Modern technology has added a few features 
to enhance pump performance. However, many factors, such as market demand and cost-effective 
building construction, have forced manufacturers to produce economical, reliable, and long-term 
service pumps. There are some important points that have to be considered when choosing a pump 
to perform a specific job. Pump efficiency is one of the important factors, since pump efficiency 
is defined as the percentage of supplied energy that is converted to useful work. This work is 
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presented in the form of discharge pressure and flow rate. The reason for not having a full 
conversion of energy is the losses. They can be sorted into different categories: (a) drive-system 
or motor losses due to bearing friction besides motor efficiency losses, (b) mechanical losses, for 
instance shaft bearing friction and drag forces on the impeller, (c) water circulation due to 
clearance between impeller and volute, i.e., the enclosed casing of the pump in which the water is 
moved by the impeller, and (d) hydraulic losses due to converting mechanical work to fluid 
velocity [1]. 
Selecting the right pump for a specific system requires knowing the head capacity curve for that 
system (i.e., the system curve) [2].  This is the first step in designing a pumping system. Computing 
the system loss curve is typically based on calculating the losses associated with pipes and fittings 
[2]. However, calculating these losses for pipes which are more than ten years old may not be as 
accurate as the same calculations for new pipes, due to the fact that the pipe roughness changes 
with time. The pipe roughness (being determined theoretically) might predict a lower or higher 
friction head for a pumping system. This may lead to choosing a pump that provides higher or 
lower flow rate than intended. A pump field test is one way to determine the real/present system 
curve or pump head (H) against flow rate (Q) (i.e., H-Q curve). A pump field test requires 
measurement devices to acquire data from the current pumping system. Pressure gauges should be 
installed in the suction and discharge pipes. Also the elevation of the suction and discharge gauges 
must be determined with respect to the pump center line. The total pump head can be defined as 
the “difference between the pressure at the pump discharge (point 1) and that at the pump suction 
(point 2)” as shown in Fig. 1 [3]. It has three terms: Static Pressure Head, Elevation Difference 
Head, and Velocity Head or dynamic pressure. Equation (1) gives the total pump head [3].  
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All terms are defined in the Nomenclature. Subscripts d and s shown in Eq. (1) refer to discharge 
and suction, respectively. 
It is well known that the operating point of a pump is the point of intersection of system and pump 
curves [2]. Therefore, this same point represents the point on the system curve where the pump 
operation occurs. Once the total pump head is calculated using Eq. (1) and field data is gathered, 
i.e., system flow rate and pipeline pressure, the pump operation point is determined (see Fig. (2)). 
The other points can also be located on the (H-Q curve) by understanding the system curve 
components. One of the components is static head.  This head does not change with change in flow 
rate. 
Figure 1: Centrifugal pump total head (reproduced from Ref. 3) 
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This is why it is also called fixed head. The static or fixed component is equal to the difference 
between the height of the liquid level in the intake pipe and the height of the liquid level in the 
discharge pipe, i.e., Z. The difference between the gauge pressure head at the discharge pipe and 
the gauge pressure head at the suction pipe is then added to Z [3]. Equation (2) [3] in Fig. 2 shows 
the total static head or fixed system head.  
The second component is “friction head”. This is related to the fluid velocity, and it increases by 
increasing the flow rate and vice versa. The “friction head” in a system is related to the velocity 
head. If the fluid velocity (or flow rate) is doubled, the friction head will increase four times. This 
can be explained by considering a simple pumping system in which there is no control valve; and 
the pipe diameter is the same along the pipe length. The Darcy–Weisbach equation [with some 
modifications to directly relate the friction head to system flow rate] gives the friction head. It is a 
most useful equation to calculate the pipe friction [3].  
Figure 2: Construction of system total head, or H-Q, curve (reproduced from Ref. 3)  
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Figure 3: Moody diagram (reproduced from Ref. 3) 
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It is very important to know that the friction factor f shown in Eq. (3) is not constant, but it depends 
on Reynolds number (Re) and pipe roughness. However, from the Moody diagram (see Fig. 3) [3], 
it can be assumed that the friction factor remains constant in the region where flow rate is high, 
corresponding to a high Re, along with a high relative pipe roughness (see Fig. 3). 
Implementing the discussed assumptions, it can be seen from Eq. (3) that the system friction head 
(hf ) is related to the system flow rate (Q) squared, because all of the other parameters are assumed 
to be constant, i.e., the friction factor is considered constant, and it does not depend on the system 
flow rate. The discussed method shows how the system curve changes with the flow rate. Thus, 
by subtracting the system static head (calculated from the discussion surrounding Fig. 2) from the 
total pump head measured at the operating point, will give the friction head at that flow rate [2]. 
Again, it should be noted that the static head of the system curve remains constant even though the 
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Figure 4: Example friction system H-Q curve (reproduced from Ref. 2) 
flow rate changes. Using the square rule relationship between flow rate (Q) and frictional losses 
(hf), or the frictional component in system curve, the other points of the system curve can be 
located. For instance, in Fig. 2, the static head at zero flow rate is 50 ft, and from the total pump 
head calculated at 1450 GPM, the total head is 71 ft. Therefore, the total friction head at that flow 
rate is 21 ft. That means that, at a flow rate of 2 x 1450 GPM, the friction head increases to be 4 x 
21 ft. Repeating this process, the system (H-Q) curve can be plotted for a pumping system. The 
more accurate the measuring devices (i.e., flow rate meters and pressure gauges), the more 
accurately the system curve can be plotted [2]. Refer to Fig. 4 for an example of system curve.  
 
 
Once the system characteristic curve is found, options to save energy can be explored. These 
included either pump impeller diameter trim (the modification of a pump impeller so as to either 
increase or decrease its diameter), or by using a different pump control method, such as variable 
speed drives, to perform the job [2]. All of this information helps to choose the right pump. Even 
though these factors are important, the operating conditions are a top priority for selecting the right 
pump. Thus maximum accuracy is required so that a maximum possible efficiency can be 
achieved.  
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Doubling the flow rate quadruples the head loss
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Figure 5: Adverse effects of operating away from the BEP (reproduced from Ref. 4) 
 
 
For some processes, a pump may be selected to operate over a wide capacity range. That range 
could be greater than the recommended 80%-110% of the flow at the Best Efficiency Point (BEP). 
Operating outside this range makes a pump run at a low efficiency which makes the same pump 
losses reliability (see Fig. 5) [4]. 
In addition, some pump users may not have their pumps operate at the maximum efficiency point, 
which commonly happens. However, it is not desirable to have a great difference between the 
actual efficiency at which the pump is running and the maximum efficiency which the pump can 
reach (BEP) because of all of the issues shown in Fig.5. 
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Figure 7: Typical breakdown of pump costs (reproduced from Ref. 4 ) 
Figure 6: Efficiency drop versus capacity (reproduced from Ref. 4) 
                                     
 
Thus, it is very important that pumps run in the range that is 80-110% of the BEP which is called 
the rated region [4]; or within 70-120 % of the BEP which is called the preferred operating region 
[5]. Ignoring these guidelines can result in noticeable energy losses, because the energy consumed 
by a pump can represent from 30% to 90% of the life cycle cost (LCC) of a pump [4] (see Figs. 6 
and 7 for more information). 
 
 
The initial cost associated with buying a pump is less important than the operating energy 
consumed by a pump (Fig. 7), based on LCC analysis (to be explained in detail in later sections of 
uty 
uty 
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this document). Thus, LCC analysis is a powerful tool which can be utilized to select types of 
pumps [4].  
1.1.1 Constant Speed Pump 
A constant speed pump attempts to provide the same flow rate regardless of system demand. 
“Pump energy consumption is often one of the larger cost elements and may dominate pump Life 
Cycle Cost, especially if pumps run more than 2000 hours per year” [6]. Moreover, the electric 
motors of pumps represent 20% of the total energy used in the world [7]. For most industrial 
systems, between 25% and 50% of the total electrical energy usage is due to pump electrical motors 
[7]. 
 There is a critical need for selecting and designing the right pump that fulfills the assigned task 
and the proper control system that contributes to reduced energy consumption. As stated above, 
constant speed pumps deliver a relatively constant flow rate to the process. However, many HVAC 
systems do not have a constant load throughout the year because of ambient conditions, occupancy, 
or the process demand. As a result, control devices must be added to a constant speed centrifugal 
pump such as a control valve [7]. Obviously, a control valve wastes some energy by blocking the 
incoming liquid flow from the pump or by returning the excess flow to the pump inlet, which drops 
the pressure rise in the pumping system. Returning the excess flow back to the pump inlet increases 
the power consumption of that pump, and blocking the flow causes the system curve to become 
steeper. The pressure drop associated with a control valve will shift the operating point required 
for the process to a lower efficiency region of the H-Q curve. Thus, pump efficiency becomes 
poor. Figure 8 shows how the throttling operating point (1), having a relatively lower efficiency 
72%, is shifted from point 2, which has an efficiency of 81%, where the system operates without 
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throttling [6]. Thus control valves, sometimes called “throttling valves” in a pumping system, work 
inefficiently. However, it is the most common device that is used with constant speed pumps in 
order to regulate constant speed pumps’ flow [8].  
  
 
 
Pelikan pointed out [9] that when using a control valve in a large conventional system, there are 
normally some energy savings due to the the fact that the control valve will shift the operating 
point on the H-Q curve such that the energy required to run the pump is lower. However, these 
savings in power are not typically comparable to the savings that are gained by using a variable 
frequency drive motor to change the pump’s rotational speed.  
Additional equipment has to be installed in order to work with a control valve, so that it can 
respond to the system requirements. A level sensor is a common device that is used with a control 
valve in order to indicate the amount of flow required by a process. A level sensor can be a standing 
pipe that is normally installed next to the main tank (i.e., the tank to which the pump provides 
liquid). In this project, the main tank is the deaerator tank in the KU steam power plant [10]. The 
level sensor’s fluid shows the same height as the liquid in the deaerator tank. In this standing pipe, 
there is a float level device which controls an air compressor. The float device will either cause 
the compressor to increase or decrease the air pressure in order to either open or close the control 
Figure 8: Control valve throttling and pump efficiency. Efficiency contours are shown in left figure. 
(reproduced from Ref. 6) 
11 
 
valve (see Fig. 9). The compresser’s piping is connected to a control valve. The higher the level of 
the float in the standing pipe, the more air will be supplied to the control valve, so that the control 
valve will close more. The reverse occurs for lower float level and lower pressure. It can be 
concluded that the compressor has to be “on” all of the time in order to regulate the flow rate by 
opening or closing the control valve. Thus, more energy will be expended while the compressor is 
“on”, adding to the cost of piping and fittings of the pneumatic air system that is required. 
Therefore, additional expense will result from using a constant speed centrifugal pump having a 
control valve [10]. 
 
Figure 9: Standing pipe, visual level indicators and level transmitter 
 
Another way to control the flow rate for the process is a by-pass line [11]. By-pass lines can 
manage the flow rate accurately; and using this control option can avoid the hazard of deadheading. 
Deadheading occurs when the flow from a pump is completely stopped by some means, such as 
closing a valve downstream of the pump. On the other hand, this control method has the least 
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Figure 10: Power lost through a bypass  line (reproduced directly from Ref. 11) 
energy savings [11]. Figure 10 shows the lost power from using a by-pass option to control the 
flow rate for a constant speed pump. 
 
 
The third option that can be utilized while working with a constant speed pump is a hydraulic 
accumulator [12]. A hydraulic accumulator can save energy because it can store the excess 
hydraulic energy when system demand is below the design point, and immediately releases this 
excess energy when needed (i.e., when the system demand is high). According to Mordas [13], a 
hydraulic accumulator can significantly reduce a pump’s size, thus reducing the energy consumed 
by the pump. As a result, adding an accumulator to a pumping system [according to Mordas] can 
frequently cut the power consumption from 20% to 70% [13]. However, there are many 
disadvantages of having an accumulator in a system. Accumulators are expensive and require a 
space where it can be installed. Besides that, their capacities are limited, and their produced flow 
is not smooth but is unstable. The flow instability from an accumulator can be explained from the 
fact that accumulators are used in a hydraulic system that is not run continuously, but “run on an 
intermittent duty cycle” [13]. In such hydraulic systems, an accumulator is used to store hydraulic 
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energy. That is, any excess flow above the system requirement is kept under pressure, which is 
then released to compensate for a drop in pressure whenever there is a pressure drop across the 
pump. This means that the flow rate in a hydraulic system in which an accumulator is present is 
not constant, but varies often [13]. 
It has been shown that the costs and losses due to constant speed centrifugal pumps and associated 
control methods are relatively high [10]. Thus, an alternative solution is needed so that the 
pumping system can run effectively while reducing the losses and the costs of the system as much 
as possible. This approach will be presented in this work by using and comparing two different 
kinds of pumps: a pair of Grundfos variable speed pumps and a Worthington constant speed pump, 
in the steam power plant of the University of Kansas in Lawrence, KS.    
1.1.2 Variable Speed Pump 
Variables Speed Drives (VSDs), sometimes called Variable Frequency Drives (VFDs), are not the 
right solution for every pump application; but they can be the best choice whenever the system 
demand flow (or system head) varies often. As a result, replacing existing throttling valves with a 
speed control device can save 5%-50% of system energy usage [6, 14]. VFDs have a good 
efficiency over a range of flow rates. Even though initial capital cost (purchase price) may be high, 
it may be justified by offering a substantial savings potential [15]. Constant speed pumps do not 
work the same as variable speed pumps because the constant speed pumps operate at a flow rate 
for which the pumps are assumed to be working at their best efficiency [4]. For these reasons, 
variable speed pumps can be more efficient. 
Figure 11 shows an illustration of a VFD [16]. Typically a VFD consists of a rectifier that is used 
for converting alternative current (AC) to direct current (DC). Then that DC current is fed to 
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capacitors in the VFD in order to smooth the converted current before it enters the next step, i.e, 
an inverter. The inverter converts the smooth DC into a coarse form of alternating current (AC) 
[16] that has a variable voltage and frequency using pulse width modulation techniques [17]. Then 
it is fed to an electrical motor. “The output voltage is controlled so that the ratio between voltage 
and frequency remains constant to avoid over-fluxing the motor” [17]. Figure 11 shows only a 
single phase of a three phase current system. Having the speed of the centrifugal pump’s electrical 
motor changed will vary both the head and pump flow rate capacities [16].  
          
Figure 11: A simplified diagram of how a variable frequency drive works (reproduced from Ref. 16) 
The purpose of a variable frequency drive is to change the frequency of the power supplied to the 
motor. As a result, the speed of the motor also changes. Controlling the pump flow rate and 
pressure will allow the variable speed pump to match system demand. It is important to have a 
device that signals the variable speed pump. The most common device used is a pressure-sensing 
device that is used to maintain the variable speed pump’s discharge pressure at a desired point set 
by the user. Sometime a flow-measuring device is used to maintain the variable speed pump flow 
at a relatively constant rate. It is true that a constant speed pump with a control valve can keep the 
system pressure relatively constant in the discharge pipes according to the system demand - - 
roughly the same as a variable speed pump operating with a pressure-device controller. However, 
one must consider that there will be a significant reduction in power consumption when operating 
a variable speed pump at a low speed [9].   
Output AC Converted DC 
to 
Input AC 
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Research has been conducted in Italy to find the best pumping station to fulfil the demands of two 
irrigation districts [18]. That research demonstrated the ability of variable speed pumps to save 
energy instead of the constant speed pumps that were already installed in the irrigation fields.  
Because of the requirement to meet the maximum irrigation demand, the original designers based 
their designs on meeting the peak irrigation demand. Therefore the irrigation system which 
includes both the irrigation network and pumping station had been sized to supply the required 
flow rate at the critical demand point (i.e., the peak demand). However, irrigation districts’ 
demands varied with season; and the peak demand was limited to certain days. Thus during the 
off-peak time, the constant speed pumping station provided a high-pressure head more than needed 
for the irrigation networks; and accordingly, the pumps worked inefficiently, i.e., oversized during 
the low demand time. As a result, research was performed to find appropriate alternatives to save 
the energy being consumed because of the oversizing of the constant speed pumps. VFD 
technology was installed in the pumping station. The results of this research showed that the 
variable speed pumps were able to save energy up to 27% in one of the irrigation districts and 
saved 35% in the another irrigation district in comparison with the constant speed pump station 
[18]. As clearly shown by this study, variable speed pumps were able to save a noticeable amount 
of energy as compared to that of the constant speed pumps. The constant speed pumps were 
running at constant speed regardless of the system demand. 
In Queens, New York, another example of using VFD pumps in the Astoria Power Generating 
Station showed not only reduced energy consumption, but also a decrease in the annual 
consumption of cooling water from the river by the plant [19] . Changing constant speed pumps 
in three units of the water recirculation part of the plant to variable frequency drive pumps was 
mandatory due to New York Department of Environmental Conservation (DEC) regulations. The 
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reduction in water flow through the Astoria power plant helped to reduce “impingement and 
entrainment (IM& E) of aquatic organisms and minimize environmental impacts” [19]. However, 
reducing circulating cooling water flow though a plant can negatively affect the plant’s thermal 
efficiency. The purpose of the variable speed pumps was to reduce the total discharge cooling 
water flow rate; but the reduction of the cooling water had to be adjusted within certain limits in 
order not to have the power plant work at poor efficiency, i.e., working “on acceptable 
performance penalties” [19] and to follow the regulations of the DEC which mandated that the 
power plant meet targets of maximum temperature rise between the inlet and discharge cooling 
water. The goal of using variable speed pumps was met, and there was a significant reduction in 
environmental impact. This achievement could not be achieved by using constant speed pumps 
[19]. 
In Sweden, Alfredsson and Bokander [15] showed that, in some applications, variable speed 
pumps could save € 78,681 over a lifetime of ten years. In their study, they stated that variable 
speed pumps work perfectly for a system head that varies often and has a relatively low static 
head. In that study, a simple pumping system was considered in which a heat exchanger was used 
to heat up the working fluid for process requirements, and a control valve was used with a constant 
pump.  
The static head for the system was 10 m with a maximum flow rate 850 m3/hr. In addition, a 10% 
factor of safety was added to cover any future project expansion. As a result, the design flow rate 
was selected by rounding up the numbers to be 1000 m3/hr. The total head losses (static head, 
friction losses in pipes and fittings, friction losses in the heat exchanger, and control valve head 
loss) for a flow rate of 850 m3/hr was found to be 40 m. The total head losses included a 7 m 
factor of design safety and another 5 m drop in pressure head across the control valve. Three 
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operating points were selected for the constant speed pumps (C1, C2-a, C3-b); where C1 was the 
operating point for a constant speed pump with an impeller diameter of 355 mm. The operating 
point of this constant speed pump was a flow rate of 850 m3/hr and a discharge head of 33 m (i.e., 
without any factor of safety added at this operating point). C2-a was an operating point for a 
second alternative constant speed pump with an impeller diameter of 385 mm. The operating 
point of this constant speed pump was a flow rate of 850 m3/h and a discharge head of 43 m (i.e., 
including a factor of safety). C2-b was an operating point for a third alternative constant speed 
pump with an impeller diameter of 385 mm. The operating point for this constant speed pump 
was a flow rate of 1000 m3/hr and a discharge head of 40 m (i.e., maximum possible flow rate 
and a factor of safety).  
On the other hand, two operating points were selected for two alternatives using variable speed 
pumps (V1, V2), where V1 was an operating point for a variable speed pump alternative that 
operated at a maximum flow rate, but no factor of safety was added (850 m3/hr and 28 m head). 
The discharge pressure head for this alternative was only 28 m because of the fact that the control 
valve was not used. Therefore, the local pressure head of the control valve was removed, the total 
head loss was reduced to 40-12= 28 m of head (for the case of not having the control valve in the 
system); and V2 was an operating point for anther variable speed pump alternative. The operating 
point of this variable speed pump was at the maximum possible flow rate and discharge head 
(including a factor of safety), 1000 m3/h and 35 m, respectively. 
 Life Cycle Analysis (LCC) (to be explained in Section 1.2) was performed to compare the 
pumps’ cost-effectiveness. In order to calculate the overall LCC results, assumptions were made. 
The interest rate was assumed to be 6%, the inflation rate was 3%, and the total calculation time 
was 10 years. (For other input LCC calculation data input, see Ref. 15). After calculating the LCC 
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for all alternatives of the constant speed pumps and variable speed pumps, the study showed that 
the LCC costs for the constant speed pump option were: C1: €243134, C2-a: €302256, and C2-b: 
€320678; while, for variable speed pump options, costs were: V1: €223575, and V2: €305617. 
As stated previously, this study showed some significant savings in the case of the variable speed 
pump. So as the results demonstrated, the LCC benefit when comparing options C2-a and V1, 
was € 302,256 – € 223,575= € 78,681 or 26% of constant speed pump costs. For Ref. 15, the 
variable speed pump was the best option and resulted in a lower LCC as compared with that of 
the constant speed pump for the same case.  
Alfredsson and Bokander pointed out that, even though there are some energy savings in each 
case, variable speed pumps have to be carefully studied before deciding to purchase them, because 
they are not always a lucrative solution. One such case is when the static head of a system curve 
is more than one half of the total losses head (i.e., Hstatic > ½ Hsystem) [15].  
Another study [20] focused on using variable speed pumps as a primary only (p-only) pumping 
system for a chilled water plant. For many years, the chilled-water system was generated based 
on constant-flow-primary, i.e., using constant speed pumps on the chiller side, and variable-flow 
secondary (p-s) system, i.e., using variable speed pumps on the load side of the chiller plant (the 
last is a typical design in an HVAC system). This study was made to compare the energy 
consumption of the three pump operating configurations (i.e., primary-only, primary-secondary, 
and variable-primary pumping systems). In the first pumping arrangement, as shown in Fig. 12, 
the single primary set of constant speed pumps was responsible for both the plant and the system 
pressure drop (i.e., load). Therefore, the constant speed pumps was responsible for providing 
return chilled water from the load to the two chillers shown in Fig. 12 and also responsible for 
providing the chilled water to the load.  
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Figure 12: Constant-flow, primary-only system configuration (reproduced from Ref. 20) 
For the second pumping arrangement (constant flow primary- variable flow secondary) shown in 
Fig. 13, the constant speed pumps supplied chilled water to two chillers at a relatively constant 
flow rate.  However, the secondary side [distribution] flow varied according to the load. 
 
Figure 13: Constant-flow-primary/variable-flow-secondary system configuration (reproduced from Ref.  20) 
In this pump arrangement, potential energy savings can be achieved by varying the flow on the 
secondary side [distribution] of the system corresponding to the load. This option was not available 
for the first pump arrangement (Fig. 12). The third pumping arrangement (variable-flow primary-
only) is shown in Fig. 14. This pump configuration was similar to the constant–flow primary-only 
arrangement (Fig. 12). However, the variable speed pumps were employed for both chillers [plant 
side] and the load [distribution side]. The study simulated the work of variable-primary-flow 
system performance in order to compare it with the first and second pump arrangement 
20 
 
performance in operation. Again, the study was seeking the most economical and energy saving 
pump arrangement as well as to change the standard method by which a chilled-water-plant could 
operate.   
 
 
The input data for the simulations was taken from a real building which had five-stories with an 
unconditioned basement. The working area was roughly 28000 ft2 per floor. The main effect of 
having a variable speed pump in the primary chilled water plant circuit was that it permitted the 
primary chilled water plant to work at a reduced flow rate when the cooling load was reduced. 
Thus energy could be saved in the primary pumping circuit. After taking data for one season 
(cooling season ran from April 1 to October 31), it was shown that the constant-primary-flow-
system used the highest energy, while constant-flow-primary/variable-flow-secondary system 
used less energy than the constant-primary-flow-system; and finally, the variable-primary-flow-
system used the least energy. To illustrate the energy consumption for chilled water pumping as a 
fraction of total energy consumption by the plant, the following results were computed: for one-
chiller, the constant-primary-flow operating case consumed approximately 20 % of the total energy 
for chilled water circulation, whereas 10 % of the total energy was consumed by the constant-flow-
Figure 14: Variable-flow, primary-only system configuration (reproduced from Ref. 20) 
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primary/variable–flow-secondary case. Finally, only 5 % of the total energy was consumed by 
variable-primary-flow system [20]. From this study, variable speed pumps had effectively 
contributed in energy savings as compared with the other available options. This is an indication 
of how variable speed pumps can play a significant role in energy savings for such applications. 
Despite the previously discussed studies which have shown great benefits from using variable 
speed pumps in pumping systems, some researchers have found that there are no advantages in 
using variable speed pumps, or that, in fact, variable speed pumps consume more energy than 
constant speed pumps if the two different types of pumping systems are sized correctly for a 
specific application [21].  
Austin [21] compared a variable speed pump with a constant speed pump. For this comparison, 
the actual pump characteristic curves for both the variable speed pump and the constant speed 
pump were used, with a system demand of 1200 GPM for 12 hours. After that 12 hours, the demand 
decreased to 100 GPM for the other 12 hours per day. Using the constant speed pump to supply 
the 1200 GPM with a total head (static head plus dynamic head) of 231 ft, this pump consumed 
100 HP. However, when running the variable speed pump for the same demand and same total 
head, the variable speed pump consumed 103 HP. The energy consumed was without considering 
the drive loss and the motor loss, because the motor will run on a pulsing DC voltage which yields 
a lower motor efficiency. The extra power used because of the additional losses was in the range 
(3% to 5%). 
For the 12 hours when the demand was lowered to 100 GPM and a total head of 231 feet, the 
constant speed pump with a control valve consumed 42 HP. On the other hand, the variable speed 
pump consumed 38 HP at a reduced speed of 3280 RPM. By considering the additional motor 
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losses mentioned above, the total energy consumed by the variable speed pump became 39.14 HP. 
Therefore, the variable speed pump consumed 103 HP when it was meeting the system demand of 
1200 GPM. That is equal to 12 gallons per HP. So when the variable speed pump met the second 
shift demand of 100 GPM, it consumed 38 HP. That is equal to 2.63 gallons per HP. Austin [21] 
concluded that “at 100 GPM using 38 HP, variable speed drive is burning 456% more energy per 
gallon than when the pump is running at constant speed at 1200 GPM” [21]. His conclusion can 
be clarified by examining the two operating shifts of the variable speed pump. In the first operating 
shift when the demand was high, the variable speed pump consumed only 1 HP for moving 12 
GPM, whereas it consumed 1 HP for moving 2.63 GPM when the demand was low. 
According to Austin [21], the control valve will waste some energy when the shifted operating 
point is compared with the best operating point (the point where the pump works at its best 
efficiency). However, when the amount of lost energy from using a control valve was compared 
with amount of energy lost when using a variable speed pump, the difference was low, just 1 HP. 
Austin explained that, when the pump flow was restricted by a control valve, the restriction did 
not make the motor work harder as many people think. Instead by looking closer at the pump 
curve, restriction of the pump flow reduced the power consumed by the motor [21]. However, the 
pump efficiency decreased when the flow was restricted (see Fig. 8 as an example) [6], Also, this 
study did not consider that the flow restriction causes the pipeline upstream of the control valve to 
be over pressurized. That can affect the pipeline and the pump itself because the pump will be back 
pressurized which can directly affect the mechanical seals of that pump unless there is a 
recirculation line that recirculates the excess flow back to the inlet side of that pump [22]. This 
type of situation was witnessed during data gathering for this KU steam power plant project when 
the vent condenser was shut-off, and the Worthington constant speed pump was working during 
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the low demand time, and unintentionally the recirculation line was closed. The pipeline upstream 
of the control valve became pressurized and that caused leakage from spots in which the pipes had 
some old damage.  
Austin also indicated that variable speed pumps do not just consume more energy, but they also 
have disadvantages that can cause even more side effects for the pumping equipment. Side effects 
such as: “Pulsing DC voltage, EDM currents, critical speed vibration, harmonics, Radio Frequency 
Interference” [21] can cause pumping equipment damage that needs to have immediate technical 
service. Finally, if no energy can be saved by using variable speed pumps, one can easily choose 
a constant speed centrifugal pump which is less expensive and has less complicated flow controls 
(for instance, a control valve) and then save money without being concerned with the side effects 
that involve using variable speed pumps, Austin affirmed [21].  
Finally, there are other factors that can cause a variable speed pump not to be desirable for specific 
applications. Such applications are when the system needs, for most of the time, a constant pressure 
and flow rate. One should not select a variable speed pump when pressure is a substantial factor 
and needs to remain constant most of the time. That can be explained by examining the second 
affinity law, Eq. (4), which shows that the pump head “Pressure head” is proportional to the square 
of the motor speed. Thus, whenever the speed decreases to half of full speed, the pump head will 
reduce to one-fourth of full-speed pressure. However, when the system demand changes from a 
low-head, low flow situation to a high-head, high-flow situation, then one should think of using a 
variable speed pump to meet such demands [23]. The goal of this project is to investigate the 
conditions under which the variable speed pump is applicable, and where there might be potential 
power savings in a steam power plant.   
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𝐻2
𝐻1
=
𝑛2
2
𝑛1
2                                                                                                        (4) 
All terms used in Eq. (4) are defined in the Nomenclature; and subscripts 1 and 2 denote two 
different pump speeds. 
1.2 Life Cycle Cost Analysis 
Using life cycle cost analysis (LCC) can help companies enhance energy efficiency and reduce 
wasted energy, not only for pumping system applications but for many other applications, by 
identifying the most cost-effective alternatives from different options when installing new 
equipment [24].  LCC analysis can be defined as “the total cost of ownership of machinery and 
equipment, including its cost of acquisition, operation, maintenance, conversion, and/or 
decommission” [25].  
When considering a new project, procurements costs, i.e., equipment costs, have been considered 
as the main focus, or sometimes the only factor taken into consideration, in order to choose 
equipment or a system [25]. However, it appears that this is not always the right decision from a 
financial point-of-view. We should consider the cost over time and procurement strategies. 
Judging based on the lowest initial costs, does not consider maintenance and other problems in the 
long term [26]. For this reason, using LCC analysis helps to identify whether or not operational 
savings are adequate to justify the investment cost. Thus, LCC analysis becomes very significant 
when used as a management tool to compare among multiple alternatives, as it will help to show 
the most cost-effective solution [24]. However, according to Ashworth [27], LCC analysis may 
not always provide reliable predictions. He reasoned that “There is little evidence to support the 
view that previous life cycle costs have produced reliable forecasts” [27]. Thus, estimated values 
25 
 
far in the future may result in inaccurate predictions [27]. Because of the difficulty of getting the 
exact data for each component of LCC, Barringer and Weber pointed out that “LCC is not an exact 
science, everyone gets different answers and the answers are neither wrong nor right” [28]; and 
the results of calculating LCC are not precise.  
According to 1994 statistics in the U.S. industrial sector, over 679 billion kWh of electricity per 
year were consumed by electrical motors, and 25% of that total consumed energy was by pumping 
systems [14]. Because of that, it becomes very important to rely on LCC analysis so that the most 
cost-effective pumps are considered in an application. However, it is very common to focus on the 
initial cost of a pump when considering a new project. This is not a complete picture, as the initial 
cost is typically a small portion of the total operational costs over its life. The total cost starts at 
the purchase of the equipment and goes through disposal cost of that equipment. So, the total LCC 
depends on the type of application and length of time used (15 to 20 years for pumping systems) 
[14]. Therefore, in order to minimize the total LCC, it is crucial to consider other costs, such as 
energy to generate and maintain, which can overshadow the initial cost [24]. With all other costs 
taken into account, the LCC equation for a pumping system can be written to represent each cost 
element as follows [24]: 
𝑳𝑪𝑪 = 𝑪𝒊𝒄 + 𝑪𝒊𝒏 + 𝑪𝒆 + 𝑪𝒐 + 𝑪𝒎 + 𝑪𝒔 + 𝑪𝒅                                                                (𝟓) 
Equation (5) represents all elements of the LCC with all terms defined in the Nomenclature. 
 LCC analysis can be performed by using two methods: manually building worksheets or using 
existing computer programs. In the United States, with Federal Energy Management Program 
(FEMP) sponsorship, the National Institute of Standard and Technology (NIST) has devised four 
programs that can greatly help in providing “economic analysis of proposed investments in 
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buildings and building systems which are intended to reduce long-term operating costs: BLCC, 
QI, DISCOUNT, and ERATES” [29]. These programs are valuable for identifying the most cost-
effective alternatives. The alternative that has the lowest LCC result can be chosen from multiple 
possible projects or designs in order to save/conserve energy and water. These programs can be 
used by federal, state, and local governments, and by the private sector. At the beginning of each 
federal fiscal year, these programs are automatically updated so that current estimated future 
values of the FEMP rate of interest and the energy price escalation rate can be used in calculating 
LCC appropriately [29].  For this project, the BLCC program will be employed in order to build 
the LCC analysis.  
For a specific analysis, not all of the costs in Eq. (5) have to be present. That can depend on the 
type of application and the user’s decision. However, in order to make the LCC analysis, each cost 
element should be considered. After all costs in Eq. (5) have been determined for all available 
pumping system alternatives or designs, one can use the U.S. FEMP program (BLCC) to evaluate 
the LCC for each alternative; or one can use any program with which the user is more comfortable. 
Once the LCC is found, a plant manager can make the final decision in choosing which alternative 
is the most cost effective, i.e., the one which has the lowest LCC [24].  
1.3 Steam Power Plant Description and Scope of Work 
This project is directed toward arriving at the most cost effective method that can be used to control 
the water flow to the deaerator tank sitting in the basement of the KU steam power plant. The 
comparison will be between a Worthington D-824 constant speed centrifugal pump (see Appendix 
A1 for more information on this pump) shown in Fig. 15 and pair of “BoosterpaQ® Hydro MPC 
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CRE 15-3” variable speed pumps provided by Grundfos Pumps Corporation (see Appendix A2 for 
more information on these pumps) shown in Fig. 16. 
 
Figure 15: Worthington D-824 constant speed centrifugal pump in KU Power Plant 
  
 
Figure 16: BoosterpaQ® CRE 15-3 variable speed pumps in KU Power Plant 
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The steam power plant located at the University of Kansas, Lawrence campus was used as a source 
of electricity in the past. However, with time, the power plant changed to supply the university 
with steam only. That is why the name used in this document will be “steam power plant” instead 
of “power plant,” because there is no turbine in the plant generating electricity. The steam 
generated from the steam power plant is used to provide hot water to the University’s buildings. 
The other function of the steam power plant is to provide the required steam for HVAC systems 
all around the university and to release some amount of steam to sound the change of classes.  
The University’s campus steam lines supply of steam should be at a constant pressure of 90 PSIG, 
since some equipment requires that steam pressure. However, the steam power plant has to keep 
the steam pressure at the boiler pipes constant at 170 to 175 PSIG in order to maintain 90 PSIG in 
the university supply’s lines. The steam power plant’s production varies from 20,000 – 70,000 
lbm/hr of steam during the year [10]. Steam production is not constant because the load (steam 
demand) does not remain constant, and depends significantly on two factors: 1) the outside weather 
“temperature”, and 2) the number of people on campus. Therefore, in order to maintain constant 
steam pressure in plant system lines and the campus steam lines, the boilers have to generate the 
demanded flow rate.  
In the steam power plant, there are a total of four condensate pumps including the pumps that are 
being compared in this thesis, four boiler feed pumps, and two booster pumps.  The booster pumps 
are used to increase the deaerated water pressure before it enters the boiler feed pumps (see 
schematic in Fig. 17). 
29 
 
F
ig
u
re
 1
7
: 
T
h
e 
U
n
iv
er
si
ty
 o
f 
K
a
n
sa
s 
P
o
w
er
 P
la
n
t 
S
ch
e
m
a
ti
c.
 (
R
ed
 P
u
m
p
=
 W
o
rt
h
in
g
to
n
 D
-8
2
4
; 
B
lu
e 
P
u
m
p
=
 C
R
E
 1
5
-3
; 
G
re
en
 l
in
es
=
 D
ea
er
a
to
r
 w
a
te
r
 
su
p
p
ly
; 
L
ig
h
t 
b
lu
e 
li
n
e=
 S
te
a
m
 l
in
e 
to
 v
en
t 
co
n
d
en
se
r
; 
O
ra
n
g
e 
li
n
es
=
 c
o
n
d
e
n
sa
te
 w
a
te
r
 s
u
p
p
li
ed
 t
o
 v
en
t 
co
n
d
en
se
r 
a
n
d
 b
a
ck
 t
o
 c
o
n
d
en
sa
te
 s
to
ra
g
e 
ta
n
k
s;
 P
u
rp
le
 l
in
e
s=
 B
y
p
a
ss
 t
o
 r
e
tu
rn
 w
a
te
r
 t
o
 p
u
m
p
s 
su
ct
io
n
 s
id
e 
(r
e
p
ro
d
u
ce
d
 f
ro
m
 R
ef
. 
1
0
) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 B
o
o
st
e
r 
P
u
m
p
s 
 BFWPs 
30 
 
The schematic shown in Fig. 17 represents the whole steam power plant, where the red colored 
pump is the constant speed pump, and the blue pump represents the variable speed pumps 
(comprised of two pumps working in unison). The green line designates the 4” pipelines that 
provide condensate water to the deaerator tank in the basement of the power plant. It can be seen 
that there are two deaerator tanks: one in the basement which is currently operating and one on the 
first floor, which had not been used for entire time period of this project. This is because the 
deaerator in the basement fulfills the boilers’ demands, and it has a higher capacity than the one in 
the first floor. Not all of the water provided by the condensate pumps ends up in the deaerator tank 
(DA); but some of it moves through a 2” pipe (represented by the orange line) up to a vent 
condenser where the water is heated up, then sent back to the main two storage tanks 
(approximately 10000 US gallon total) [22] which supply the condensate pumps.  
Some of the steam produced by the boilers is directed to the deaerator tank in the basement (this 
line is not shown in the schematic) in order to preheat the condensate water before it enters the 
boilers so that the boiler efficiency increase. Some excess bled steam [and entrained air] from the 
DA tank is released/vented to the vent condenser by way of the light blue pipeline. As the saturated 
steam enters the vent condenser, it condenses on the outsides of the tubes present within the vent 
condenser. The condensate steam is sent back to the main storage tanks through the orange 2” pipe 
line as shown on the schematic of Fig. 17. The condensate steam is supposed to help the steam 
power plant save money by not buying that amount of water from the city of Lawrence [10]. 
However, when the power plant technicians were asked about the amount of water provided by 
the vent condenser, the reply was “not a significant amount, but there is water provided by the vent 
condenser” [30]. The amount of water that the vent condenser provides from condensing the excess 
steam that is escaped from the DA tank is unknown because there was no flow meter installed in 
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the condensed return steam line from the vent condenser. Therefore, this project has no information 
on that amount of water. From estimation, it can be assumed that this amount of water is roughly 
5% of the total vented amount of steam. Some of the steam that does not condense inside the vent 
condenser, along with the non-condensable gases [coming from the deaerator tank], are released 
to the atmosphere.  
The recirculation line, shown in Fig. 17 as the purple pipeline, returns any excess water to the 
pumps’ suction pipeline. However, little flow has been seen in the recirculation pipeline during 
the period in which the data was gathered for this project because the steam power plant staff keeps 
this pipeline closed most of the time, and opens this pipeline valve in two situations: 1) if the vent 
condenser valve is closed, all of the provided water from the condensate pumps, including the 
pumps being compared in this project, will be directed to the DA tank. Thus in order not to overfill 
the DA tank, the control valve will block the excess flow. This situation increases the pressure on 
the upstream side of the control valve (green line on schematic in Fig. 17). Therefore, the steam 
power plant staff decides to open the recirculation line. 2) If the steam demand is relatively low, 
the control valve will try to block the excess flow in order not to overfill the DA tank (same type 
of situation as in situation 1). Therefore, in order not to over pressurize the discharge line (denoted 
by the green line in in Fig 17) by this situation, and back pressurize the pump that is on duty, the 
steam power plant staff also decides to open the recirculation pipeline valve [22] to relieve the 
excess pressure. 
Furthermore, there are pipelines that return the condensate steam from all around the campus to 
the storage tanks. These pipelines, labeled as “condensate return” in the schematic (Fig. 17), can 
be seen on the left side of the storage tanks. 
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For normal steam power plant operation mode, these are all of the related pipelines as shown in 
the schematic in Fig. 17. However, when the variable speed pump is working in level control mode 
and when the vent condenser valve is closed (no water is going to the vent condenser), the excess 
steam from the deaerator tank [that normally goes to the vent condenser] is vented to the 
atmosphere via pipelines that are not shown in the schematic in Fig. 17. 
Finally, a “Heat Recovery system” similar to the one shown in Fig. 18 [31] is installed in the 
basement of the steam power plant. The heat recovery system reclaims the lost energy from “Boiler 
Blowdown.” When the condensate water evaporates in the boiler drum, condensate water 
impurities remain in the bottom of the boiler’s drum. This can cause sludge or sediment 
accumulation in the boilers. As a result, the overall boiler heat transfer decreases [32]. Therefore, 
in order to reduce these effects, the Total Dissolved Solids (TDS) level has to be minimized to an 
acceptable level [3000-4000 µs/cm] [22]. In order to keep that level of TDS in the specified range, 
the steam power plant staff from time to time discharges water from the boilers. 
There are two kinds of boiler blowdown: one is the “surface or skimming blow down” [32] which 
attempts to eliminate the dissolved solids that accumulate near the liquid surface [32]. This process 
is continuous during the boiler’s operation. The second is called “mud or bottom blowdown” [32]. 
This is not a continuous process, and is carried out for a few seconds every several hours. The goal 
behind this process is to remove suspended solids that settle as sedimentation from the boiler water 
and develops a heavy sludge [32]. These two kinds of blowdown are used in the KU steam power 
plant boilers. 
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Figure 18: Energy recovery using heat exchanger (reproduced from 
Ref. 31)   
 
 
Figure 18 shows how to reclaim the energy lost due to boiler blowdown. In Fig. 18, the flash vessel 
is used to separate the steam from water; and that steam is directed to the boiler feed tank 
(deaerator) which is installed next to the flash vessel. The other part of the heat recovery system 
is the heat exchanger. Instead of wasting useful energy from the residual blowdown (see Fig. 18), 
a heat exchanger is installed for heating the make-up water which is relatively cold (~ 60 oF). Then, 
the heated make-up water is sent to the main storage tanks. The heat exchanger raises the make-
up water temperature up to 80 oF. After that, residual blowdown hot water becomes relatively 
colder. It is discharged to an underground tank in order for the sludge to be deposited at the bottom 
of the tank, and the water cools even more. Lastly, the water is moved by gravity to the city sewer. 
(This system is not shown in the schematic in Fig. 17.) 
The four condensate pumps, including the pumps being compared in this project, were installed to 
provide water to only DA tank #2 in the basement. However, to effectively utilize the excess steam 
from the DA tank, a vent condenser was installed in 2011 on the top of the first floor, 
approximately 25 feet from the ground level of the first floor. The DA tank’s water is moved to 
boiler feed pumps by two constant speed booster pumps (shown in Fig. 17 next to the DA tank) at 
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Figure 19: Solubility of dissolved oxygen at various pressure/temperature conditions (reproduced 
from Ref. 33) 
 
normally 28 to 30 PSIG. The boiler feedwater pumps (BFWP) raise the water pressure to 330 to 
350 PSIG; and the compressed water then enters the boiler to generate steam. See Fig. 17 for 
BFWPs’ location. 
The deaerator tank [or open feed water heater] heats the water by direct contact with the steam 
extracted from the boiler. Typically, this would be the steam extracted from the turbine of a power 
plant. However, because there is no turbine in the steam power plant, the steam is bled from the 
boiler, yielding a similar concept for the DA tank. Thus, it is known as a direct contact feedwater 
heater. The DA tank’s benefit is to preheat the feedwater and subsequently increase the boiler 
efficiency. Usually, the DA tank is kept pressurized so that no air leaks into the tank. The water 
enters at a specified pressure and is heated to a specific temperature in order to decrease the 
concentration of oxygen as much as possible (see Fig. 19 for more information) [33].  
 
 
Figure 19 shows the maximum oxygen concentration that can be found in water over a limited 
range of water temperatures and pressures [33]. 
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DA tanks are mostly designed to keep oxygen concentration in the outlet at less than 0.005 cm3/L 
[34], as oxygen has undesirable effects on equipment such as boilers [22]. The steam power plant 
operators also add chemicals, such as the oxygen scavenger “NAlCO BC1851”, to eliminate as 
much oxygen as possible from the feedwater in order to avoid corrosion in the boiler tubes 
(downcomers, risers, drum, and header). Normally, the water in the DA tank is at a saturated state 
or close to a saturated state. Pumped water at saturated conditions may result in cavitation “flashing 
on the back side of the pump vanes” [34]. For this reason, the DA tank is located at an elevation 
above the booster pumps, used to move the water to BFWPs (see Fig. 17), in order to have the 
necessary pressure at the pumps’ inlets [34]. In addition to the DA functioning as described above, 
the DA tank is used as a storage device, because it stores water to keep feeding the boilers with 
hot deaerated water in order to generate the steam at a constant pressure. Most of the DA tanks are 
designed to store sufficient feedwater so as to have reserve boiler rated capacity feedwater for 10-
20 minutes, in case of emergency [22, 34, 35]. 
There are three types of DA feedwater heaters: 1) spray-type deaerators 2) tray-type deaerators 
and 3) combination spray-tray deaerators. 
The steam power plant in the University of Kansas has the second type of deaerator tank [tray-
type deaerator] in the basement, and the first type on the first floor – which is not on duty. In the 
second type of deaerating feedwater heaters, the feedwater is directed over horizontal perforated 
trays and descends from tray to tray while encountering the upcoming extracted steam [from the 
boiler]. As the extracted steam scrubs the feedwater, the non-condensable gases and some of the 
extracted steam are released to the atmosphere [34]. Figure 20 shows a schematic of a tray-type 
deaerator tank [10]. 
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Figure 20: Tray-Type deaerating feedwater heater tank (reproduced from 
Ref. 10) 
 
 
In the steam power plant, the escaping steam and non-condensable gases [with their remaining 
energy] pass through the first floor vent condenser instead of getting released to the atmosphere. 
The reason for this is that the vent condenser behaves as a heat recovery device, and condenses the 
escaping steam from the deaerator to replace some of the make-up water that must be purchased 
from the city of Lawrence. The vent condenser captures much of the steam and non-condensable 
gases’ energy before they are released to the atmosphere by heating up the condensate water, which 
is provided by the condensate water pumps. The condensate water is heated in the vent condenser 
and sent back to the main storage tanks. This process can be seen on Fig. 17 by following the 
orange line. This heated water raises the temperature of the rest of the condensate water in the 
storage tanks. The overall temperature increase helps to improve the steam power plant’s 
efficiency, i.e. the boiler efficiency improves [10]. 
 The other benefit from the vent condenser is to trap and retrieve any water mixed with the non-
condensable gases. The non-condensable gases have steam entrained that escaped from the 
deaerator tank. Instead of just venting the entrained steam to the atmosphere, the steam rejects heat 
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Figure 21: Vent condenser assembly 
to the relatively cooler condensate water supplied by the condensate pumps [as discussed above]. 
Then the steam condenses on the outside surface of the vent condenser tubes in which the relatively 
cold condensate water flows within the vent condenser shell. Eventually, the condensed steam is 
sent back to the main storage tanks by gravity (see Fig. 17 and Fig. 21). Therefore, in order to 
compare the variable speed pumps and the constant speed pump, two case studies were analyzed. 
However, the first case was excluded from LCCA due to the variable speed pump performing more 
work than the constant speed pump. This situation will be explained later in this document. 
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1.3.1 Case 1 
The variable speed pumps were configured to run in pressure control mode, i.e., the pumps were 
running to satisfy/achieve a constant pressure of 43 PSIG (this value was selected based on the 
steam power plant’s staff), in order to emulate the work of constant speed pump. In this case, both 
pumps were supplying condensate water for both the vent condenser and the deaerator (DA) tank. 
For this case, the total discharge flow was regulated for both types of pumps using the control 
valve. Therefore, the variable speed pump was working in the same mode as the constant speed 
pump.    
1.3.2 Case 2 
In this case, the variable speed pumps were running in level control mode, and trying to provide 
the required condensate water just to the DA tank based on the steam power plant demand. The 
valve in the 2” conduit line (Fig. 17) that was feeding the vent condenser with condensate water 
was closed. Therefore, the flow was limited only to the DA tank because the variable speed pumps 
were configured to provide the condensate water to the DA tank based on the water level sensor 
signal. The pumps were unable to provide the necessary pressure head to lift the condensate water 
to the vent condenser. The control valve in this case was fully open when the variable speed pumps 
were running, and the flow was regulated using the VFD controller. On the other hand, the constant 
speed pump was providing the condensate water to the DA tank in the steam power plant’s 
basement. Thus, the constant speed pump’s discharge flow was regulated to meet the steam power 
plant demand using the control valve. Even though the constant speed pump was able to provide 
the pressure head to feed the vent condenser, the vent condenser valve was shut-off. Therefore, the 
provided water was limited only to the DA tank in order to have the sane task for both types of 
pumps. Again in this case, the vent condenser was isolated from the steam power plant system. 
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However, in order to calculate the reclaimed energy from the vent condenser and the extra energy 
required by the constant speed pump to lift the water to the vent condenser, two approaches were 
used. 
The first approach is calculate the energy gain from the vent condenser based on the water fed to 
the vent condenser [measured by the Cadillac magnetic flow meter] and the temperature rise across 
the vent condenser’s inlet and outlet [measured by the temperature gauges installed in the water 
inlet pipe and water exit pipes] (see Fig. 21). Then, that calculated energy was converted into an 
equivalent amount of natural gas required to provide that amount of energy, based on the boiler 
efficiency, which was calculated from the information provided by the steam power plant log 
sheets (Appendix F). These pieces of information were the total steam generated, the temperature 
of the water inlet to the boiler, the temperature of the saturated steam, and the amount of natural 
gas consumed. 
The second approach is to calculate the required power for the constant speed pump just to provide 
the necessary driving pressure to lift the water to the vent condenser. This method will be explained 
in more detail later. Furthermore, this approach will estimate the minimum required pressure that 
is necessary to lift the water to the vent condenser.  
Two ONSET HOBO data acquisition units were used to gather data in this project. These types of 
data acquisition units offer a wide range of time intervals that can be set to log the data. The user 
can select the time interval that is more applicable for the unit for which the data was gathered. In 
this project, a one minute time interval was selected. One of the data acquisition units was installed 
next to the pumps (Worthington constant speed pump and the Grundfos variable speed pumps); 
and the other was installed next to the DA tank. Power consumption, flow rates, pipeline pressures, 
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and pressure drop across the control valve were stored in the data acquisition units for selected 
time periods. Then using the HOBO software [already installed on the Gateway Notebook], the 
logged data was transferred to the Notebook; and LCC analysis was performed. After reading all 
of the data logged by the data acquisition units, the data acquisition units were restarted in order 
to be ready for storing new data. However, this process was not used for the Grundfos pumps, 
because the company has its own software, PC Tools E-Products software, to use in downloading 
all of the data related to the Grundfos pumps [10]. The time interval is selected by the software, 
and it is not constant; but the software logs the information whenever there is any change in the 
logged information.   
1.3.3 Life Cycle Cost Analysis 
This research used the NIST LCCA program provided by the DOE named Building Life Cycle 
Cost Analysis 5 (BLCC5) that can be downloaded from the DOE website free of charge [36]. The 
program can provide a complete economic analysis which evaluates the most cost-effective 
method from multi-proposed alternatives. The program can accept up to 99 alternatives that can 
be input and evaluated instantaneously in order to find, among those alternatives, the lowest LCC. 
The program is applicable for different economic project sectors. Therefore, it can be used for 
Federal government projects that are classified under FEMP guidelines and private sector projects 
that are directly affected by taxes [29].  
This program is especially helpful for energy- and water-related projects (e.g., selecting the cost- 
effective cooling and heating system that can be installed for air conditioning in specific buildings). 
The software employs a simple equation, Eq. (6) [29], to add all of the project costs after adjusting 
them with adequate discount factors. 
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𝑳𝑪𝑪 = 𝑰 + 𝑹𝒆𝒑𝒍 − 𝑹𝒆𝒔 + 𝑬 + 𝑾 + 𝑶𝑴&𝑹                                               (𝟔) 
The BLCC is compatible with ASTM (American Society for Testing and Materials) standards 
associated with building economics [29]. Therefore, the program was selected to perform the 
LCCA for this project in order to identify the most economical pumping systems, i.e, the constant 
speed pump or the variable speed pumps, that can be used for the University of Kansas’ steam 
power plant applications.  
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Chapter Two 
2.1 System Setup  
All measuring devices were installed during a previous study conducted by Fabian Schmidt [10], 
except that the study did not take into account the condensate water flow rate provided by the 
pumps to the vent condensing heat exchanger. This is where the project of this thesis began.  
Two Siemens electromagnetic flowmeters (Model 3100) were installed by Schmidt in the 
discharge lines of the pumps being compared in this project in order to measure the condensate 
water flow rate being supplied by the condensate pumps being compared. (The Siemens flow meter 
that was installed in the variable speed pumps’ discharge line was not used, and all of the 
information related to the variable speed pumps was taken from the PC-Tools software that will 
be explained later.) In addition, the Siemens flowmeters had a Sitrans Mag 5000 transmitter that 
was used for interpreting the signals transmitted from the electromagnetic flow meters (see 
Appendix B). The Siemens Sitrans Mag 5000 has an alphanumeric display interface screen 
showing the flow rate meter readings. Also, the Siemens Sitrans Mag 5000 was used for processing 
and controlling the output signals (4-20 mA) that went to the data logger; and it has many other 
functions. The same types of flow meter and transmitter, but with a lower flowrate range (0-28 
GPM), were also installed by Schmidt in the recirculation line (the purple line on the schematic in 
Fig. 17). This magnetic flow meter was used for measuring the flow rate of recirculating 
condensate water through the 1” bypass pipeline (the purple line in Fig. 17). For the current thesis 
project, a Cadillac Electromagnetic Meter (MAG meter) was installed in the 2” pipeline that 
supplies the vent condensing heat exchanger with condensate water in order to measure the rate of 
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Figure 22: CMAG-II combined type converter wiring diagram (reproduced from Ref. 37)  
condensate water to the vent condenser, as shown in Fig. 21. Refer to the Fig. 22 schematic for a 
detailed wiring diagram of the magnetic flowmeter [37]. 
 
 
 
 
 
 
 
 
 
 
 
There was a Danfoss MBS 3000 pressure transducer in the Grundfos variable speed pump 
discharge line (0- 145 PISG) installed by Schmidt [10]; and an OMEGA PX43E0-200GI pressure 
transducer was installed in the discharge line of the Worthington constant speed pump (0- 200 
PSIG). Both pressure transducers measure the discharge gauge pressure delivered by the pumps. 
All measuring devices discussed above are shown in Fig. 17 and labeled in blue. The Danfoss 
MBS 3000 pressure transducer was directly connected to the control panel of the Grundfos variable 
speed pumps. The main function of the Danfoss pressure transducer was to make sure that the 
pumps were running at a set pressure point [input by the user] when these pumps were running in 
the discharge pressure control mode. The other function of this transducer was to acquire the water 
pressure data in the discharge line when the pumps were set to run in level control mode (see Fig. 
17). Since both pumps take water from the same source (storage tanks), one Danfoss pressure 
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transducer (0- 58 PSIG) was installed by Schmidt in the suction line of the Grundfos variable speed 
pumps in order to acquire the pressure on the suction side of the pumps with the assumption that 
both types of pumps have the same pressure at the inlet side due to the same water intake source 
[10]. 
One more Danfoss pressure transmitter (labeled in blue on Figure 17) was also mounted at the 
point just before the control valve where the DA tank is located in order to evaluate the pressure 
drop in the pipelines between the pumps’ discharge points and the inlet right before the control 
valve [10]. A Grundfos Differential Pressure Sensor DPI, 0-2.5 bar, was installed to provide the 
pressure drop across the control valve [10]. Veris Power Monitoring H8044-0100-2 current 
transducers were connected to the Worthington constant speed pump control box in order to 
continuously measure the current that flowed in each phase and voltage values for determining 
actual power consumption of the pump [10].  
As for the variable speed pumps, Grundfos has a built-in measuring device in the controller box. 
This measuring device automatically reads the true power consumption of each pump and stores 
it in the control panel’s built-in memory. In order to run the variable speed pumps in level control 
mode, a SureSite visual indicator and level transmitter were installed by Schmidt [10]. The level 
transmitter’s signal (4-20 mA) was fed to the Grundfos pumps’ control panel via Belden 1120A 
18 gage cables. An external power loop (12-24 DC voltage) was required to power all of the 
measuring devices with the exception of the magnetic flow meters, i.e., Siemens and Cadillac 
magnetic flow meters, which required 120V AC. Two Mastech DC Power Supply devices 
(HY3003D) were used to provide 10-24 DC voltage. One of them was placed next to the pumps 
in order to power all measuring devices nearby; and the other was placed beside the DA tank in 
order to power the remaining measuring devices. The measuring devices were wired using Belden 
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Figure 23: Pressure transducer wiring diagram (reproduced from Ref. 38) 
1120A 18 gage cables [10]; and, in order to direct the output signals from these measuring devices 
to the data acquisition units, HOBO H12-006 Data Loggers, 4-20 mA wires were used. Figure 23 
gives a simple wiring diagram that shows how to wire one pressure transducer [38]. For the HOBO 
H12-006 data loggers, each data logger has four external channels with a total measuring capacity 
up to 43,000 readings [39]. 
 
 
 
 
 
 
The data was read from the data logger using a USB interface. In the Gateway laptop, the HOBO 
software was installed and set for each measuring device. The settings were configured by the user 
for each sensor. All sensors have a high and low measuring limit. So it is important to refer to the 
documents provided by the supplier for these values because 4 mA stands for the minimum value 
in the scaled column shown in Fig. 24 as Value 1, and 20 mA stands for the maximum value shown 
in Fig. 24 as Value 2. That scaling can be configured in the “Linear Scaling Assistance” window 
within the HOBO software, shown in Fig. 24. 
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Figure 24: Screen shot of linear scaling assistant window 
 
 
 
 
 
  
After these values are configured, HOBO creates a linear relationship between the raw values and 
their corresponding scaled values. This linear scaling relationship was used to convert the signal 
coming from the sensor (4-20 mA) to a resulting measurement, depending on the type of sensor. 
Appendix B shows all detailed technical specifications and pictures of the measuring equipment: 
Cadillac magnetic flow meter, Siemens magnetic flow meters, Omega magnetic flow meter, data 
logger, pressure transducers, level sensor, power supply, and power monitor sensor. 
2.2 Project Troubleshooting 
While working on gathering data for this project, many problems were encountered and addressed. 
For future study, it is important to detail these difficulties for the purpose of saving future students’ 
time and effort. In order to measure condensate water flow rate to the vent condenser, a decision 
was made to install a flow meter in the 2” pipeline represented by the orange line that supplies the 
heat exchanger [vent condenser] with condensate water (see Fig. 17). Therefore, a Signet 2536 
paddle wheel flow meter [40] with an error of ±1% of its maximum range (0.3-20 ft/s) at 25 oC 
was purchased and installed by Sam Willoughby [41] in the location labeled in blue on the 
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schematic in Fig. 17. Installing the paddle wheel flow meter was a project completed by Sam 
Willoughby in August of 2013. It can be seen that the reading range is given in ft/s. That is because 
these types of flow meters measure the flow velocity. Depending upon the internal pipe diameter 
in which the flow meter is installed, the actual flow rate can be calculated by simply using a K-
factor which is defined as the “number of pulses a sensor will generate for each engineering unit 
of fluid that passes the sensor” [40]. Knowing the pipe diameter, material, and pipe schedule helps 
the user to identify the correct K-factor for the flow meter. After obtain the K-factor from tables 
provide by the manufacturer (see page 6 of Ref. [40]), the user can determine flowrate with data 
acquisition software such as the HOBO software of this project. The flowmeter produced a square-
wave frequency output, i.e., digital pulses, not 4-20 mA.  
After having the paddle wheel flow meter installed and wired by Sam Willoughby (see Fig. 25); it 
was found out that there were no output signals (pulses), and all data logger-stored readings were 
zeroes. The first possibility was that the data logger was not functioning. Therefore, an 
oscilloscope was used to see if output pulses were being produced. However, even when using the 
oscilloscope, no pulses were found. Then a decision was made to remove the flow meter and check 
its components in order to make sure that nothing was preventing the paddle wheel from spinning. 
These types of flow meters are not recommended to work with a fluid containing particles or 
impurities, which the steam power plant has. After taking the flow meter out, it was found out that 
corrosion particles had collected on and around the paddle wheel, preventing it from spinning. The 
reason behind the metallic corrosion particles being attracted to the paddle wheel was that most 
paddle wheel flow sensors have magnets embedded in each paddle’s blades. These magnets are 
used to produce the output pulses [42]. Figure 25 shows the corrosion built up on the flow meter’s 
blades. 
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Figure 25: Installing the paddle wheel flow meter (A) and removing it (B) due to the 
built up corrosion inside 
 
 
A. Installing the paddle wheel flow meter 
 
B. Removing the paddle wheel flow meter 
 
 
The paddle wheel flow meter was chosen over other flowmeters due to its low cost [41]. However, 
after removing the paddle wheel flow meter, it was decided not to reuse it in the steam power plant 
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project because of the delay that the project had while dealing with this problem. The other reason 
behind not using the paddle wheel flow meter was that it requires a uniform flow profile across 
the pipe in order to have an accurate measurement. Therefore, it is not preferred to have fittings 
before and after the flowmeter for specific lengths of straight pipe. For example, if a valve is 
present the upstream of the paddle wheel flowmeter, which was the same case in the steam power 
plant application, it is recommended by the manufacturer to select a location with a straight pipe 
length of 50*I.D. For this case, that was 100” on the upstream side of the 2” pipe. Moreover, there 
was a straight pipe length of 5*I.D. that was 10” of straight pipe on the downstream side of the 
paddle wheel flow meter, in order not to have swirling flow [40]. In place of the paddle wheel flow 
meter, a Cadillac Electromagnetic Meter [43] from an old experiment was used and installed to 
provide the necessary data. 
Since the Cadillac Electromagnetic Meter (MAG meter) had been obtained seven years earlier, 
calibration was needed before installing it in the steam power plant. Even though the magnetic 
flow meter was factory calibrated and had been used for an earlier experiment, its ability to work 
accurately needed to be verified. In order to check the functionality and accuracy of the seven-year 
old magnetic flow meter, a decision was made to build a flow meter testing system for the purpose 
of calibrating and testing the Cadillac magnetic flow meter, with the setup being able to perform 
other tests required in the future. The setup was simple. One pump and two flow meters on a mobile 
system (see Fig. 26). 
The pump used was a constant speed Grundfos pump CR20-16, with a nominal flow range from 
25 to 70 GPM, which was able to produce approximately 770 ft of head, or approximately 333 
PSIG, at 68 oF [3] for nearly no flow [“Dead Head” or “static head”]. The motor attached to the 
CR 10-16 pump was a 15 HP, 460 V, 3-phase motor. The net weight of the pump along with the 
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motor was 418 lb. See Appendix A3 for pump details. The CR 10-16 pump was connected to a 2” 
PVC (schedule 40) plastic pipe on the low pressure side and a 1.5” thick wall dark gray PVC pipe 
(schedule 80) on the high pressure side. The pump was fed with water from a 100 gallon High 
Density Polyethylene (HDPE) tank having dimensions of 38”L x 30”W x 26”H.  A bulkhead 2” 
fitting connected to bottom of the tank, then 2” pipe extended down from the bulkhead to the pump 
intake side (suction side). On the intake side, around 5 ft of PVC (schedule 40) clear plastic pipe 
was placed right after the pipe that extended down from the tank (see Fig. 26). The decision to use 
the clear pipe was made so that an operator could see through the pipe in order to insure that there 
were no air pockets or bubbles developing in the pump’s inlet. 
 
 
 
 
 
 
 
 
 
 It is not desirable to have air bubbles in the flow stream, because if they move across the magnetic 
flow meter’s electrodes, the output signals will become unstable, especially when these bubbles 
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Figure 26: Apparatus schematic 
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Figure 27: Drain assembly of the testing system 
 
contact the magnetic electrodes [44]. In addition, air bubbles may cause serious damage to the 
pump’s impeller.  
In order to regulate the flow through the testing loop to a desired value, a low-pressure CPVC ball 
valve [2” unthreaded socket end] was placed in the upstream line of the pump. The valve also was 
used to shut off the water flow whenever test apparatus equipment was not in use. In any 
recirculation loop, there must be a drain installed at the lowest point in the system so that the 
recirculation line and the tank can be drained (see Fig. 27). Then, when testing is not being 
performed, the system needs to be stored. For these reasons, the drain consisted of: an inline 
reducing tee (schedule 80), a (1-1/2x 3/4x1-1/2 Pipe Size) CPVC fitting, a pipe nipple PVC (3/4 
pipe size -2” length), a CPVC ball valve 3/4" NPT female connection, a brass barbed hose fitting 
(3/4" Hose ID x 3/4" NPTF Male Pipe), and PVC tubing (3/4" ID, 1" OD, 1/8" Wall Thickness, 5 
ft length). Figure 27 shows the drain location and a completed assembly.  
 
 
 
 
 
 
For the testing system, there had to be two flowmeters. At least one of them must be calibrated 
while the other needed to have highly accurate measuring capability that can be counted on to 
calibrate the other flowmeter [whose accuracy is to be determined]. An Omega FMG3002-PP 
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magnetic flow meter was employed in the system. The flow range of the FMG3002 flow meter 
was (0.15 to 16.4 ft/s) with an error of ±0.5% of its reading @ 25°C (77°F). The omega magnetic 
flow meter could be installed in wide range of pipe diameters from (0.5” to 12"). For more 
information on the Omega flow meter, see Appendix B8. However, for each pipe material and 
size, a specific fitting was required to accommodate the FMG3002-PP magnetic meter, along with 
known maximum and minimum reading values to be used for scaling (see Fig. 24). For each pipe 
diameter, there is a different maximum reading limit. For example, if the Omega magnetic flow 
meter was installed in CPVC 1.5” pipe (schedule 80), the Omega magnetic flow meter can read a 
flow rate up to 90.52 GPM. However, if the same Omega magnetic flow meter were installed in 
CPVC 2” pipe (schedule 80), it can read a flow rate up to 155.53 GPM [44].   
A K-factor is not applicable in this type of flow meter because of the different output signal type.  
The Omega meter’s output signal was a 4 to 20 mA current signal, the same output signal as the 
other measurement instruments in the power plant. Thus, another data acquisition system was not 
needed to read the 4-20 mA signals. The Omega meter was powered by an Agilent E3630A triple-
output power supply. See Fig. 28 which shows the magnetic meter installed. Figure 29 shows the 
magnetic flow meter connection schematic [44].  
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Figure 29: FMG-3002-PP magnetic flow meter connection schematic (reproduced directly from Ref. 45) 
Figure 28: Omega FMG3002 magnetic flow meter installed in the testing system 
 
 
 
 
 
 
  
 
 
 
 
 
For accurate measurement, it was recommended by the manufacturer to have the magnetic flow 
meter installed in a location where there is an adequate length of straight full pipe directly 
upstream/downstream of the magnetic flow meter, in order to insure fully developed turbulent 
flow. There are different upstream/downstream pipe lengths recommended by the manufacturer, 
based upon different fitting connections. Taking that into consideration when installing the Omega 
flow meter in the testing system discharge loop which had 1.5” diameter piping, a distance of 30” 
(20*I.D. recommended) was selected for the magnetic flow meter upstream, and a distance of 14” 
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(10*I.D. recommended) was selected for the Omega flow meter downstream. The 10*I.D. distance 
was selected because of the Cadillac magnetic flow meter was next to the Omega. In order to 
ensure that flow was fully developed when the flow left the Omega meter, the distance after the 
Omega was selected to be 10*I.D. However, the available distance was 14” instead of 15”. This 
left the distance 1” short on the downstream side. However, according to the Omega manual, only 
7.5” (5*I.D.) was recommended downstream of the flow meter. But in this case, the other magnetic 
meter (Cadillac) was present downstream of the Omega meter as discussed earlier. Therefore, to 
have an accurate measurement, an extra straight pipe length of 7.5” (5*I.D.) was added to be 15” 
(10*I.D.) total. Thus, being 1” shorter was reasonable. This distance was less important because 
of two reason: 1) the installation used a rough factor of safety of two; and 2) the Cadillac flow 
meter, did not require 5*I.D. of upstream pipeline, but only required 2.25” (1.5*D) [45].    
The Cadillac flow meter, whose accuracy was being determined, was installed downstream of the 
Omega flow meter in the pump discharge line using two flanges (CPVC 1.5” pipe, schedule 80). 
See Fig. 26 for pictures and the apparatus schematic.  
In order to support the pipelines on the discharge line, and provide vibration damping when the 
pump was running, rubber-cushioned loop clamps were used to immobilize the discharge line as 
shown in Fig. 30.                                                       
 
 
 
 
Figure 30: Pipe clamp for holding the discharge pipeline 
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All of the pipes on the discharge side of the pump were 1.5” (schedule 80) Chlorinated Poly Vinyl 
Chloride pipe (CPVC) that can withstand pressures up to 470 PSI at 73 oC [46]. Even though the 
maximum pressure that the pump can produce is 333 PSIG, as discussed earlier, a safety factor of 
approximately 1.4 used. The maximum pump pressure of 333 PSIG can be produced only for the 
case when there is no flow, i.e., “dead head.” The dead head situation should not occur with the 
flow testing system because the purpose of this testing system was to calibrate/test the two 
magnetic flow meters when there was flow. Moreover, the only regulating valve was installed on 
the suction side. Thus, accidental valve closure would not cause a dead head situation. However, 
the testing system was designed to handle much higher allowable working conditions in case this 
system were employed for tests requiring the 333 PSIG. On the other hand, the CR10-16 pump 
discharge diameter was 2”, but the Cadillac flow meter diameter was 1.5”. Therefore, in order to 
avoid having a reduction fitting before the Cadillac meter, and to fulfil the straight pipe length 
requirements within the structure’s limited dimensions (see Fig. 26), all of the pipes on the 
discharge side were selected to be 1.5” diameter. The reduction was placed right after the pipe-
pump connection, in order to have fully developed turbulent flow on the discharge side. 
The frame within which all of the pipelines (discharge and suction), pump, and the tank were 
placed had dimensions of 67” L x 30” W x 80”H (see Fig. 26). In order to well-support the frame 
for handling pump vibration while it was running, as well as holding the heavy tank, extra supports 
were used to reinforce the structure. Therefore, trusses were placed on the structure’s corners. For 
supporting the pump when it was running, a zinc-plated steel 6-5/8" OD vibration–dampening U-
bolt was used [this U-bolt was used for holding a 6” pipe diameter, and reduce pipe vibration with 
a thermoplastic elastomer cushion]. In order to have better pump vibration control, this U-bolt was 
used, and modifications were made in the Engineering Shop at the University of Kansas, Lawrence 
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campus (see Fig. 32b). The modification was that, because the base-pump’s diameter was more 
than 6”, an extra extension in length had to perform on the U-bolt. The extension represented by 
welding an extra 5/8” fully threaded shaft length to extend the legs of the U-bolt. Figure 31 shows 
the steps of building the structure, the structure’s trusses and the pump holding assembly. In order 
to connect the trusses to the main frame, holes needed to be drilled, where the frame surface had 
no holes for 3/8” bolts. These were used to connect the trusses to the main frame structure. See 
Fig. 32b.  
 
 
 
 
 
 
 
 
 
 
31(a) Placing the pump on the structure 
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Figure 31: Building the frame, extra support for frame and the pump holding assembly 
 
 
 
  
 
 
 
 
  
 
31(b) Placing trusses and the pump holding assembly  
 
All of the drilling was carried out manually. For this reason, building the setup took four more 
months than the one month that was scheduled. 
After connecting all of the pipes and the fittings using plastic pipe cement and cleaner, the main 
tank was placed and connected to the suction pipe using a 2” union. Then, the calibration was 
carried out for the Cadillac magnetic flow meter. See Appendix C1 for calibration results.  The 
Cadillac flow meter showed reasonable agreement with the Omega flow meter. The Cadillac flow 
meter reading was lower than the Omega flow rate reading with an overall error 5.33%. This work, 
from purchasing all of the required materials for the setup, building the setup, performing the 
4 
58 
 
calibration, through having the Cadillac magnetic flow meter installed, delayed the project five 
months. 
After having the calibrated Cadillac flow meter installed in the 2” pipeline at the KU power plant 
(see Fig. 17 and Fig. 21 for Cadillac flow meter location), one of the Siemens magnetic flow meters 
installed in the discharge line of the Worthington constant speed pump was found to have faulty 
readings. The readings were less than these of the Cadillac flow meter. In addition, the pressure 
transducer (Danfoss MBS 3000) installed on the discharge line of the Worthington constant speed 
pump was showing negative readings. All recorded data were negative values, clearly impossible 
to have a vacuum pressure in the discharge line of that pump. 
It was observed that the Siemens flow meter was reading 30.5 GPM (30 minute average of 
recorded data), while the Cadillac flow meter was reading 93 GPM (35 minute average of recorded 
data). By close examination of Fig. 17, this discrepancy was obvious because it can be seen that 
the Siemens flow meter reading should be higher than that of the Cadillac flow meter. This is 
because the Siemens flow meter was installed in the total discharge line, while the Cadillac flow 
meter was installed in a branch line. Consequently, the Siemens flow meter was determined to be 
faulty.  
As for the faulty pressure transducer, it was replaced with a new one that had been kept from the 
previous study [10]. The new pressure transducer had the same specifications (Danfoss MBS 
3000), able to read pressure in the range of 0-4 bar; and its output signal was 4-20 mA. After 
testing the sensor for functionality, no data was taken from it after that test because all of the focus 
was on calibrating the faulty Siemens flow meter. There was no point in taking pressure data while 
the Siemens flow meter in that same discharge line was faulty. 
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After checking the wiring and testing the output signal using a multimeter, it was found that the 
Siemens flow meter had no problem with the wiring; but the output signal amplitude was 
comparatively low. Also, the flow rate readings of the two Siemens meters installed in the 
discharge lines of the constant and the variable speed pumps (see Fig. 17 for more information) 
were compared. The Siemens flow meter installed in the variable speed pump line was showing a 
flow rate of 147 GPM, while the Siemens meter installed in the discharge line of the Worthington 
pump showed a flow rate 23 GPM under similar operating conditions. Therefore, the faulty 
Siemens magnetic flow meter had to be removed in order to calibrate it. 
Before scheduling a time with the steam power plant staff to have the faulty Siemens flow meter 
removed, the calibration system had to be modified because the calibration system was built to 
handle the 1.5” diameter Cadillac flow meter, not the 4” Siemens flow meter. Thus, the pipelines 
in the calibration system had to be changed in order to accommodate the larger diameter of the 
Siemens flow meter, considering time and costs factors. 
Three models were presented and evaluated in order to select the most reliable design and most 
reasonable cost to carry out the Siemens flow meter calibration. The selected design was one which 
just required an extension of the previous calibration system in order to hold and carry the 
relatively heavy pipes (4” pipelines filled with water). The new extended calibration system 
utilized all of the pipes and fittings on the intake side, and almost 70% of the pipes and fittings on 
the discharge line were reused. Some of the fittings could not be utilized in the new expanded 
calibration system such as the two flanges (CPVC 1.5” pipe size, schedule 80), the 1.5” CPVC 50” 
pipe length (schedule 80), three 1.5” CPVC elbows (schedule 80), one union, and the whole drain 
assembly. 
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In the selected design, pressure-treated plywood (4ft x 6 ft) was used and attached to the old setup 
by two 3/8” bolts in order to hold the extended pipes. The reason behind building the expansion, 
and not using the old calibration setup’s whole structure was because of the straight pipe length 
requirements by the Siemens flow meter’s manufacturer. In order to install the Omega magnetic 
flow meter in the discharge line in which the pump was running, the manufacturer’s manual 
required a straight pipeline length of 75” (50*I.D.). However, that length was not available in the 
old setup because the old setup’s total length was 67”. Besides that, where the pump was placed 
in the setup, it occupied a length of 20” out of that total 67” setup length. Therefore, only 47” was 
available, which was not sufficient. Furthermore, the Siemens flow meter needed a straight pipe 
length on the upstream side of 20” (5*I.D.) Therefore, expanding the system was inevitable. 
Plywood was used so that each of the required discharge pipeline lengths, i.e., the 1.5” pipeline 
and the 4” pipeline, could be placed on and attached to, the plywood surface. This configuration 
was less expensive in effort and time than using racks to hold the discharge line. As just discussed, 
most piping and fittings were reused for the second calibration system. However, purchasing 4” 
pipe and fittings was unavoidable because the Siemens flow meter diameter was 4”. Therefore, 
10’ of PVC unthreaded pipe, five 90o degree PVC Pipe elbows, one 4” x 1.5” reducing coupling, 
and four PVC unthreaded 4” diameter flanges were purchased. All of the fittings and pipe were 
scheduled 80. Furthermore, rubber caster wheels having 220 lb weight capacity were also 
purchased to allow the new setup to move easily, and support the end of the plywood, that was not 
bolted to the frame. 
In order to have a flexible design for reusing the Omega flow meter for any future needs (see Fig. 
32). All of the fittings and required pipe lengths were connected together to make a one unit. This 
complete unit was attached with the two 1.5” threaded unions on the ends so that the unit could be 
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Figure 32: Omega magnetic flow meter 
Figure 33: Expanded calibration system 
removed easily from the calibration system (semi-permanent connection) and reconnected, instead 
of using glue connections which cannot be removed (permanent connection). Thus, the calibration 
system was ready for this calibration or any other future work required using the Omega flow 
meter (flexible usage). These two unions were also purchased (see Fig. 32). For more flexibility, 
the piping system was designed so that it could be disassembled into five section of reasonable 
size. These sections have been stored for future work (Fig. 33). 
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After having the setup alterations finished, another challenge arose. When the Siemens flow meter 
was removed from the Worthington pump’s discharge line, there were corrosion-particles coating 
the internal wetted parts of the faulty flow meter (see Fig. 34). That had coating caused the flow 
meter to read lower flow rates than it should have. The principle of a magnetic flow meter is 
derived from Faraday’s Law which can be stated as “the voltage induced across any conductor as 
it moves at right angles through a magnetic field is proportional to the velocity of that conductor” 
[47]. In this case, the conductor is the water [or any liquid that is “electrically conductive”[47]] 
moving through the magnetic field produced by the flow meter across the pipe cross-section. 
Therefore, the voltage induced is the signal that is translated or converted to meaningful units of 
flow. However, the Siemens flow meter has an alternating current AC magnetic field. This type of 
magnetic flow meter is “highly sensitive to the coating on electrodes, since coatings cause a phase 
shift in the voltage signal” (see Ref. 47 for more information). That resulted in the reading error. 
After consulting with Siemens’ technical assistance department, they recommended using scotch 
brite pads in order to clean the internal coated surface. 
Having the faulty Siemens flow meter cleaned (see Fig. 34), it was ready to be calibrated using the 
modified calibration setup. See Appendix C2 for calibration results. After cleaning the Siemens 
magnetic flow meter, it was found that it worked accurately. However, the calibration was 
performed in order to verify that accuracy. 
Even though the flow rate values of the other Siemens magnetic flow meter that was installed in 
the discharge line of the variable speed pumps were reasonable and acceptable as compared to the 
faulty flow meter, a decision was made to remove it from the discharge line, clean it using scotch 
brite pads, calibrate it, and reinstall it. See Appendix C3 for calibration results. 
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Figure 34: Siemens magnetic flow meter before and after cleaning 
 
 
 
 
 
 
 
 
                            34a. Before           34b. After 
 
 
There were two reasons for applying this process to the other Siemens flow meter. 1) The two 
Siemens flow meters were installed in the same working environment. Therefore, even though the 
variable speed pumps’ flow meter had reasonably acceptable readings, that did not prove that the 
corrosion coating did not exist. The coating might have been in its first stages of development. 2) 
It was important to calibrate all of the present flow meters in the steam power plant using one 
reference flow meter, the Omega. It is noteworthy that the second Siemens flow meter had a thinner 
particle coating on the internal surface than the first Siemens flow meter - - for unknown reasons. 
Even though the second Siemens flow meter was calibrated and reinstalled in the discharge line of 
the variable speed pumps, it was not used to record these pumps’ flow rate. The reason was that 
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Figure 35: Danfoss pressure transducer (reproduced from Ref. 48) 
the PC-Tools software provided by Grundfos was able to record all system operating information 
such as pump flow rate, discharge pressure, and power consumption. Modifying the calibration 
setup, calibrating the two Siemens magnetic flow meters, and reinstalling them in the steam power 
plant delayed the project around two and a half months.  
Having the two Siemens magnetic flow meters installed, and replacing the pressure transducer was 
not the end of new challenges in this project. The next challenge was that two pressure sensors, 
including the pressure transducer that was just replaced, were found to be giving odd readings. 
These were the discharge pressure sensor installed on the Worthington pump and the differential 
pressure sensor installed across the control valve. (See Fig. 17 for pressure sensors locations.) The 
new Danfoss MBS 3000 pressure transducer was also found to be malfunctioning. It gave zero 
readings shortly after replacing it (approximately one month from the replacement). The first 
assessment was that, because the water contained particles that were clearly seen on the Siemens’ 
magnetic coating material, the nozzle of the Danfoss pressure transmitter was clogged. Therefore, 
there was no pressure transmitted to the pulse-snubber which is responsible for protecting and 
transferring the applied pressure to the transducer. See Fig. 35 for a schematic [48].         
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Figure 36: Before and after cleaning the Danfoss pressure transducer 
Based on that assessment, the pressure sensor was removed; and it was found that there was 
material built up around the nozzle. After cleaning the pressure transducer (see Fig. 36), and 
reinstalling it back in the discharge line, the pressure transducer still did not work. The reasons 
behind the two malfunctioning pressure transducers was unknown until an observation was made 
when investigating the method by which the steam power plant staff was rotating the pumps’ 
operation. 
 
 
  
 
 
 
As discussed in Section 1.4, there are four condensate pumps in the steam power plant. One of 
them is the variable speed pump set, while the others three are constant speed pumps. The steam 
power plant’s staff normally rotated the operation of the pumps, with a different pump running 
each week. However, during the cold weather, the staff was running two pumps at the same time 
in order to meet the high demand. Consequently, the pressure increased in the discharge line in 
which the pressure transducer was installed. However, the pressure did not reach 50 PSIG even 
when two pumps were running. The maximum pressure that the pressure transducer could handle 
was 4 bar or (58 PSIG). However, if the staff were running two pumps, they started a third pump 
before shutting off one of the two running pumps. For instance, pump 1 and 2 were running for 
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Figure 37: Oil leaks from Danfoss MBS 3000 
one week. In order to have pump 1 shut-off, the staff started a third pump from the two idle pumps, 
then shut-off pump 1. This pump shifting increased the pressure in the main discharge line up to 
48 PSIG in cold weather. However, when pump 1 shut-off, the high pressure caused sudden closure 
of the check valve in the discharge line of pump (each pump has a check valve in its discharge 
line). This sudden closure resulted in the flow velocity decreasing while the pressure at the check 
valve increased. Thus, a pressure wave or a shock wave could develop because of the pressure 
increase at the check valve and travel up and down in the discharge line until completely stopped 
[49]. In conclusion, this pressure wave caused the damage to the pressure transducers. See Fig. 37 
for a close up of the transducer. Therefore, a new pressure transducer (OMEGA PX43E0-200GI) 
was purchased to replace the Danfoss MBS 3000 pressure transducer.  
 
 
 
 
 
 
 
 
The new pressure transducer was selected to have a higher reading limit (0-200 PSIG) in order to 
handle the pressure increase in the discharge line when two pumps ran at the same time. In 
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addition, it had a rugged flush diaphragm in order to work in a medium that included suspended 
particles. 
Finally, the Grundfos Differential Pressure Sensor (DPI 0-2.5 bar) was also found to be faulty, 
with all of the readings being zero. After checking the wiring and measuring the output signal 
using a multimeter, there was no indication of any output signal from the sensor. Again, the first 
assessment was that material build-up had accumulated in the UNS 7/16” capillary tubes (the tubes 
that connect the sensor to the high pressure side and low pressure side). Therefore, there was no 
pressure transmitted from the pressurized pipe to the sensor due to water blocking the capillary 
tubes. The assessment was correct, and the capillary tubes were completely blocked. Thus, there 
was no water moving through the capillary tubes. See Fig. 38 for details. The capillary tubes were 
cleared using a pressurized air supplied from a compressor at the steam power plant. After cleaning 
the capillary tubes and the inlet ports of the sensor, the sensor was rewired and connected again. 
Subsequently, the sensor worked normally.  
 
 
 
 
 
 
 
 
 
Material built up 
inside the sensor 
Capillary tubes 
Figure 38: Differential pressure sensor DPI 0-2.5 bar 
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Once all of the measuring devices were ready, gathering the data for this project began in January 
of 2015. All measuring devices had been well-checked and calibrated. 
Problems have been addressed during this project that were encountered during the previous study 
conducted by Fabian Schmidt [10], such as the variable speed pumps inability to provide the water 
for both the DA tank in the basement and the vent condenser on the first floor [see Fig. 17] when 
operating the variable speed pumps in level control mode. This inability can be explained by 
understanding the principle upon which the variable speed pumps operate (Affinity Laws) and the 
elevation at which the vent condenser was installed. According to the Affinity Laws, when the 
variable speed pumps run in level control mode at an arbitrary operating point, say 176 GPM, 100 
ft of head, and a speed of 2984 rpm, if the pump’s speed decreases by half, that shifts the operating 
point to 88 GPM, 25 ft of head, and a speed of 1492 rpm (see Eqs. (4) and (7)) [23]. One might 
notice that the pumps’ head decreases by a factor of four when the speed drops by half. 
 
𝑄2
𝑄1
=
𝑛2
𝑛1
                                                                                                       (7) 
All the terms used in Eq. (7) are defined in the Nomenclature. 
The vent condenser required 40 ft of head just to overcome the static head. Therefore, the variable 
speed pumps in level control mode could not provide the vent condenser with condensate water 
due to low pressure head at low speed. Thus, whenever the variable speed pumps ran in level 
control mode, it was advisable to have the vent condenser valve closed in order not to overheat the 
vent condenser due to lack of condensate water flowing through its pipes. 
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One of the challenges found when running the variable speed pumps was that, once the set point 
(selected set point value by the user) was achieved or sometimes overachieved, the pumps’ 
operation switched to minimum performance in order to save energy. Thus, one pump completely 
stopped, and the other pump ran at 30% of full speed. However, under these conditions, the pumps 
were unable to provide the needed flow to the DA tank. That caused the pressurized steam inside 
the DA tank to enter the discharge pipe lines which caused “steam hammering”, wherein the 
pipelines made sounds similar to hammering on a pipe, causing the pipelines to vibrate. In order 
to avoid that problem, the minimum performance level was manually adjusted so that one pump 
ran at 42% of full speed and the second pump was off. For this arrangement, the pumps had the 
ability to continuously provide the needed water to the DA tank. Once that change to a 42% 
minimum was made, there was no steam hammering in the system. This change was not made 
randomly; but it was made after carefully examining the steam power plant load, DA tank pressure, 
and understanding the pump curve provided by Grundfos (Appendix A2). Therefore, it is very 
important to keep in mind that this change may not be suitable for all cases during the summer and 
winter. The user has to make that decision and understand at what percentage of full speed is 
needed in order to maintain the proper flow going to the DA tank for different times of the year. 
Figure 39 shows the variable speed pumps’ reaction when the set point was reached for the case 
when the minimum performance level was one pump running at 30% of full speed. The set point 
is the point at which the operator intends to operate the pumps. This set point can be a specific 
level in the DA tank or a specific pressure that the operator intends to make the pumps provide. 
From Fig. 39, it can be seen that the variable speed pumps hardly produced flow at minimum 
performance. In Fig. 40, when examining the variable pumps’ speed during the time period of 
operation when there was no flow (see Fig. 39), one can see that the variable speed pumps were 
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the great △P increase when the control valve was fully 
open for this experiment.
No flow because the minimum performance 
occurred from 2:38:32 PM to 2:42:32 pm, and that 
lead to  Steam Hammering.
Figure 39: Grundfos pumps’ flow rate curve on February 24, 2015 
operating such that one of the variable speed pumps was completely stopped while the other pump 
was running at a speed ratio (α = n/nmax) of 30%. Consequently, this minimum performance was 
found to be insufficient for this application profile. 
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Figure 40: Grundfos pumps’ speed ratio curve on February 24, 2015 
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Another difficulty encountered when operating the variable speed pumps in level control mode 
was that the pumps’ sensitivity to a change in water level in the DA tank was extremely high. 
Whenever the water level decreased below the set point (52% of the full DA tank capacity), the 
pumps reacted in a very short time to compensate for that decrease. When the pumps achieved the 
set point, they slowed down in same manner. This variation resulted in exceeding the set point and 
never maintaining a fairly constant water level in the DA tank. Therefore, the pumps’ sensitivity 
had to be adjusted [50]. Based on the idea of that the DA tank has a circular cross-section, and in 
order for the pumps to change the water level (e.g., from 51% to 52%),  they needed some time to 
make that change gradually because the tank capacity at the center is higher than that near the top, 
or the bottom. Therefore, the pump sensitivity or integral time of the pumps’ controller (Ti) was 
changed from 0.5 sec. to 2 sec. Figure 41 shows the results from changing the integral time to 2 
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Figure 41: Water level in the DA tank vs. the set point while running Grundfos pumps on March 9, 2015 
sec. The integral time is the time set for the pumps controller to respond to any change occurs in 
the set point. 
 
  
 
 
 
 
  
Again, changing the integral time (Ti) does not mean that value works for all situations when the 
variable speed pumps run in level control mode. That value depends on specific factors like the 
steam demand/load. 
Even though the measured water level in the DA tank (WL (%)), as shown in Fig. 41, was not 
exactly the same as the set point (52%) most of the time, one might consider that the load/steam 
demand was also not constant and the steam demand changed often. Therefore, the variable speed 
pumps responded to changes in an attempt to maintain the water level at the set point required by 
the operator. Also, Figure 41 shows that the water level remained above the set point most of the 
time, because the pumps attempted to reach their maximum performance [the two pumps running 
at 100% full speed] in order to achieve the set point. Therefore, the flow rate peaked as shown in 
Fig. 42. These flow rate peaks caused the water level in the DA tank to be greater than the set 
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Figure 42: Grundfos pumps’ discharge flow rate on March 9, 2015 
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point. However, when the pumps were signaled that the desired water level in the DA tank had 
been achieved or overachieved, the pumps lowered their speed; but by that time, the water level in 
the DA tank was already over the set point. 
 
 
   
 
  
 
Figure 42 shows high flow rate peaks, which reached 237 GPM, corresponding to the times when 
the water level in the DA tank was relatively high (60% full). On the contrary, corresponding to 
the times when the water level in the DA tank remained below the set point for relatively short 
periods, the flow rate was relatively low (20 GPM).  
Finally, according to the Grundfos instruction manual, the operating mode should be changed from 
closed loop to open loop when the pumps were in level control mode. However, when the 
instructions manual was followed, it was found that the pumps did not react to the level control 
signals during operation, and the pump speed remained constant, even though the water level in 
the DA tank changed. Therefore, after many attempts, in order to make the pumps respond properly 
to water level changes in the DA tank, it was found that the pumps should be operated in the closed 
loop mode. This information was not found in the BoosterpaQ®- Hydro MPC instructions. 
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However, after contacting the Grundfos representatives [51], they advised that, when the operating 
mode was changed from closed loop to open loop, the pumps will not run according to the built-
in algorithm configured by the manufacturer. Thus, keeping the system operating in the closed 
loop mode, and not changing to open loop, allowed the system to run normally and be most 
efficient. 
When the set point was achieved or overachieved, the pumps automatically switched to minimum 
performance so that energy could be saved by this process, as explained previously. However, 
pump number 1was found to be always “on” during the operating time without switching the work 
to the pump number 2. Thus, there was no swapping duty each time the pump system worked at 
minimum performance. That mode of operation could cause pump number 1 to be overloaded 
when the system operated in level control mode. See Fig. 43 for more example data. This appeared 
to be a manufacturer’s algorithm control problem, and the user could not make changes to modify 
this situation.  
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Figure 43: Grundfos pumps’ speed ratio variation while in level control mode on March 9, 2015 
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The last problem found was related to the operating temperatures for the BoosterpaQ® CRE 15-3 
variable speed pumps. From the pump curves, it was noticed that these pumps can be operated 
with the working fluid at a maximum temperature of 140 oF. However, this temperature limit might 
be exceeded in the KU steam power plant, because the condensate water in the storage tank might 
go up to 180 oF during summer time [30], and the average temperature of the condensate water in 
the storage tank then ranged from 150-160 oF. That led to the conclusion that the variable speed 
pumps were working in a harsh environment. After contacting the Grundfos representatives [51], 
they explained that the system can be operated for a rated temperature up to 176 oF based on sensor 
limitations. 
2.3 Data Logging Procedure 
The data recorded for this project followed a different scenario. Each of the two cases explained 
earlier followed a different pattern in gathering data. Therefore, it is more helpful to explain the 
scenario that was used for logging the data for each case. The data gathering was performed with 
an appreciable help from a graduate student Anurag Nanda. 
2.3.1 Case 1 
The data logged for Worthington constant speed pump and the Grundfos variable speed pumps 
covered three to five days for each type of pump at the time when the steam demand was at its 
maximum, i.e., winter time. 
The data logged for each pump were power consumption, flow rate, discharge pressure, inlet 
pressure, pressure before the control valve, pressure drop across the control valve, variable speed 
pumps’ speed ratio if needed, and the vent condenser flow rate. For the Worthington pump, the 
HOBO data acquisition logger was employed to log all of the listed information at one minute time 
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intervals. However, all of the Grundfos pumps’ related information was logged using the PC-Tools 
E-Products software provided by the Grundfos company, with the exception of recirculation water 
flow rate, if there was any, and inlet pressure, which were logged by the HOBO data acquisition 
logger at the time interval, i.e., one minute. The PC-Tools E-Products software was installed on a 
Gateway Netbook laptop. Therefore, in order to log the Grundfos pumps’ data (i.e, power 
consumption, discharge flow rate, and discharge pressure), the Gateway Netbook laptop was left 
running in the steam power plant, and the software was restarted every day so that the logged data 
would not be lost for any reason.  
The logged data for this case was for two months, February and March of 2015. 
2.3.2 Case 2 
In this case, the Grundfos pumps were running in level control mode, and they were configured to 
supply water just to the DA tank. Because of the pumps’ low discharge head when they were 
running in level control mode, no flow was provided to the vent condenser. One should notice that, 
when in pressure control mode, the pumps can provide the water for both the DA tank and the vent 
condenser; but, for this case, the variable speed pumps’ primary focus was to maintain the water 
level in the DA tank at a desired level or set point. That level was 52% of the full tank capacity, 
regardless of the amount of water flow to the vent condenser. Consequently, whenever the water 
level in the DA tank reached the desired set point, the variable speed pumps’ reduced speed in 
order to save energy and not to over fill the DA tank, because the control valve was fully open. 
Thus, the pumps’ discharge head significantly reduced whenever the pumps’ speed became low. 
Making the variable speed pumps run in level control mode was challenging. Estimating the best 
minimum performance at which the pumps could run and the best integral time (Ti) for the pumps’ 
sensitivity required the user to be familiar with the pumping system and the pressure drop in the 
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lines. However, after changing the minimum pump performance (42% of full speed) and the 
integral time (see Section 2.2), the pumps were able to provide the condensate water to the DA 
tank without jeopardizing the DA tank and pipeline structure (i.e., without steam “hammering”).  
As discussed earlier, the vent condenser was isolated when running the variable speed pumps in 
level control mode. The same process was duplicated with the constant speed pump in order to 
have both types of pumps doing the same task for comparison. When dealing with the Worthington 
pump, all recorded data values over the total elapsed time were averaged arithmetically since there 
was no significant fluctuation in the data logged. 
The data recoded for Case 1 was during the highest demand (winter time); and some data was 
recorded during moderate weather conditions in order to investigate any potential energy savings. 
Therefore, the data was gathered for this case in March and April of 2015 (on March 11, April 1, 
April 2, and April 9). 
The data logged by PC-Tools E-Product software did not record the Grundfos pump information 
at a fixed time interval. The time spacing between the recorded data points was non-uniform 
because data acquisition was triggered by a change in values.  For this reason, the Trapezoidal rule 
shown in Eq. (8) [52] was used to compute the average value for every recorded piece of 
information from PC-Tools software. After finding the area under the curve using the trapezoidal 
rule, that area was divided by the entire time span (tj-to) during which the data was recorded in 
order to have the average value.  
𝑄𝑇  = ∫ 𝑄(𝑡)𝑑𝑡 ≈
1
2
∑(𝑡1 − 𝑡0)
𝑖=𝑗
𝑖=1
[𝑄(𝑡𝑜) + 𝑄(𝑡1)] + (𝑡2 − 𝑡1)[𝑄(𝑡2) + 𝑄(𝑡1)] + ⋯ + (𝑡𝑗 − 𝑡𝑗−1)[𝑄(𝑡𝑗−1) + 𝑄(𝑡𝑗))]
𝑡𝑗
𝑡𝑜
   (8) 
Figure 44 shows the terms used in Eq. (8). 
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Figure 44: Trapezoidal rule (reproduced from Ref. 52) 
 
 
 
 
 
 
 
 
 
  
2.3.2.1 Vent Condenser Calculations 
As discussed earlier for Case 2, the vent condenser was isolated (not connected) when the Grundfos 
pumps were running in level control mode. Therefore, the steam power plant was not able to 
reclaim some of the energy from vented non-condensable gases. In addition, the steam power plant 
was not able to save the steam that typically condenses in the vent condenser. As for the amount 
of steam that can be reused from condensing the excess steam, most calculations neglect the total 
amount of bled steam (discussed in Section 1.3) that is often used to preheat the boiler feedwater 
in the DA tank. This is shown in the mass balance of Eq. (9) [53].  
𝐹𝑊 = 𝑀𝑈 + 𝐶𝑅 = 𝑆 + 𝐵𝐷                                                                   (9) 
where FW= Feed water; Mu= Make-up; BD= Blowdown; S= Steam rate; and CR= Condensate 
return. 
Equation (9) is used to estimate the make-up water that is necessary for replacing the lost water in 
a steam cycle. One could conclude that: if the entire amount of extracted steam is neglected in 
Q (t) 
t t1 t2 tj-1 
Q (t) 
to tj 
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calculating the make-up water, then the excess steam that escapes from the DA tank will be even 
smaller. Therefore, this thesis will not investigate the amount of make-up water that was saved 
when the vent condenser was in use.  
However, the reclaimed energy is the primary focus of this section. Therefore, approximate 
calculations are used to estimate the amount of energy that can be reclaimed from the vent 
condensing heat exchanger under discussion, which is [34] 
𝐸𝑣𝑒𝑛𝑡 = 𝑚𝑤𝑎𝑡𝑒𝑟
𝑜  𝑐𝑝𝑤𝑎𝑡𝑒𝑟 ∆𝑇𝑟𝑖𝑠𝑒                                                                  (10) 
 
Then, in order to compute the amount of natural gas that would be needed to provide this energy 
without the vent condensing heat exchanger, the boiler efficiency was used, which is defined as 
[54] 
𝜂𝑏𝑜𝑖𝑙𝑒𝑟  =
( 𝐸𝑠𝑡𝑒𝑎𝑚 −   𝐸𝐵𝐹𝑊)
𝐸𝐹𝑢𝑒𝑙  
  100                                                                   (11) 
The term “boiler” as used in this thesis, refers to the entire steam generator [boiler and the 
economizer]. 
or 
𝜂𝑏𝑜𝑖𝑙𝑒𝑟  =
𝑚𝑠𝑡𝑒𝑎𝑚
𝑜 ℎ𝑠𝑎𝑡.𝑠𝑡𝑒𝑎𝑚 − 𝑚𝐵𝐹𝑊
𝑜 ℎ𝑠𝑎𝑡.𝑤𝑎𝑡𝑒𝑟(𝐵𝐹𝑊)
𝑚𝑓𝑢𝑒𝑙
𝑜  (𝐿𝐻𝑉𝑓𝑢𝑒𝑙 )
   100                               (12𝑎) 
All terms in Eq. (12a) are defined in the Nomenclature. 
The mosteam
 shown in Eq. (12a) refers to all generated steam from the boiler, which includes the 
amount of steam extracted from the main steam line and injected in to the DA tank in order to 
preheat the boiler feedwater in the DA tank (see Section 1.3). moBFW can include the amount of 
blowdown water coming from the boiler, or it may not include that amount [54]. Consequently, 
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moBFW was considered to be approximately equal to the amount of generated steam from the boiler, 
i.e., moBFW ≈ m
o
steam. As a result of this approximation, Eq.  (12 a) can be re-written as  
𝜂𝑏𝑜𝑖𝑙𝑒𝑟 =
𝑚𝑠𝑡𝑒𝑎𝑚
𝑜 (ℎ𝑠𝑎𝑡.𝑠𝑡𝑒𝑎𝑚 − ℎ𝑠𝑎𝑡.𝑤𝑎𝑡𝑒𝑟(𝐵𝐹𝑊))
𝑚𝑓𝑢𝑒𝑙
𝑜  (𝐿𝐻𝑉 𝑓𝑢𝑒𝑙)
  100                                       (12𝑏) 
Since the fuel used in the steam power plant is natural gas, the Lower Heating Value (LHV) of 
natural gas was employed. That is equal to 1018.6 Btu/ft3 [55]. 
The natural gas fuel flow rate in Eq. (12b) was provided by the steam power plant operating log 
sheets [Appendix F]. mosteam in Eq. (12b) was also given by the same log sheets [Appendix F]. The 
enthalpies for both the generated saturated steam (hsat. steam) and the saturated boiler feedwater (hsat. 
water(BFW)) were found from the steam tables [34] corresponding to the temperature and pressure of 
each. The BFW temperature was taken from averaging the maximum and minimum temperatures 
of the boiler feedwater flow. From observation of the boiler feedwater temperature in the hourly 
log sheets [these sheets were not attached to this document], the maximum and the minimum boiler 
feedwater temperatures were found to be 230 oF and 220 oF, respectively. Therefore, the average 
boiler feedwater temperature was taken as 225 oF. Having the BFW temperature, the enthalpy for 
that corresponding temperature was 193.3 Btu/lbm. The generated steam enthalpy was taken from 
the fact that the all boilers were controlled to operate at a pressure of 170 PSIG. Therefore, from 
the steam tables for saturated steam at 170 PSIG, the enthalpy was taken as 1197.7 BTU/lbm.   
Finally, using this information in Eq. (12b), the daily boiler efficiency could be calculated. Even 
though the daily boiler efficiency information was given in the log sheets provided by the steam 
power plant, this document will not use that information because there was no explanation for how 
that boiler efficiency was calculated for those log sheets. 
After calculating the daily boiler efficiency [Appendix F], the monthly average boiler efficiency 
was used to calculate the savings in natural gas from the vent condenser. Equation (12c) was used 
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in order to calculate natural gas savings from using the vent condenser gain energy in the steam 
power plant. Equation (12c) is the result of combining Eq. (10) and Eq. (12b). 
𝑚𝑓𝑢𝑒𝑙
𝑜  =
𝐸𝑣𝑒𝑛𝑡
𝜂𝑏𝑜𝑖𝑙𝑒𝑟 (𝐿𝐻𝑉𝑓𝑢𝑒𝑙 )
   100                                                   (12𝑐) 
 
See Appendix D for the monthly boiler efficiency and the energy gain calculations of the vent 
condenser.  
As it can be seen from Eq. (12c), the output energy [the numerator] is the energy gain from the 
vent condenser, so that the Eq. (12c) can be used to predict the savings in equivalent amount of 
natural gas that would be burned by the boiler. Because the energy used to heat up the condensate 
water in the vent condenser comes from excess steam from the DA tank, the steam has the energy 
provided by the boiler, accounting for boiler efficiency. Therefore, the energy gain from the vent 
condenser simply represents the corresponding amount of natural gas that can be saved when 
having the vent condenser included in the system’s operation.     
The numerical value of temperature rise used in Eq. (10) was found from observing the temperature 
gauges across the vent condenser (Fig. 21) over four months. It was found that the average 
temperature rise across the vent condenser was 19 oF. However, the average temperature for the 
data taken was 18.4 oF (Appendix D). This value was approximated to 19 oF in the calculations. 
This approximation was made because the temperature was visually taken from temperature 
gauges installed across the vent condenser. Therefore, an error of ±1 oF was taken into 
consideration. See Appendix D for the vent condenser heat savings calculations. An example of 
these calculations was made for the purpose of following the same procedure to calculate the 
annual energy savings from the vent condenser. From having the annual energy savings, LCCA 
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was performed to predict the total LCC in order to compare the savings from the vent condenser 
with that from the Grundfos pumps running in level control mode (Case 2). 
2.3.2.2 Pressure Drop Calculations in Pipelines 
Calculation of the pressure drop was necessary for estimating the extra pump horsepower needed 
for the constant speed pump to lift the water to the vent condenser and drive the water back to the 
storage tanks. Figure 45 shows the pipes and fittings that had been installed to deliver condensate 
water to the vent condenser. Therefore, an approach was presented in order to calculate the 
pressure at different points. These pressures were required to overcome the pipes and fittings 
friction losses as well as the elevation differences. Two points, A and B, were considered and are 
labeled in Fig. 45. The pressure at point B was assumed to be 2 PSIG. 2 PSIG was used as the 
estimated pressure value needed for the condensate water to reach the storage tanks.  
The pipes’ roughness and friction factor (ε, f) were unknown. However, pipe roughness and 
friction factor can be estimated from knowing the flow rate and the pressure drop between any two 
points. Therefore, the calculations were based on the known pressure drop between the constant 
speed pump’s discharge line (the point where the Omega pressure sensor was installed) to the point 
right before the control valve (the point where the Danfoss pressure sensor was located). Also the 
flow rate was known from the Siemens flow meter readings.  See Figure 17 for pressure sensor 
locations and Section 1.5 for the information on both pressure sensors and the Siemens flow meter. 
This approach was used to determine the pipes’ properties (ε, f). Then, the pressure drop between 
points A and B could be calculated using the determined pipes’ properties. Note that f was assumed 
to be constant based on the assumption that Re was larger enough for the f curves to be flat (Fig. 
3).  
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In order to calculate the pipes’ properties, many assumptions were made. The first assumption was 
that the pipe connections were flanged connections instead of welded connections. The exceptions 
to this were the pipe lines that feed the vent condenser with condensate water and the line that 
carries the water back to the storage tanks. These pipes use threaded joints. The second assumption 
was that two of the gate valves (both installed just after the branch point at location A) were 
Milwaukee gate valves. This is because no information could be found on these valves, as they 
were too old. However, the other gate valves’ information was considered and used for 
determining the local resistance coefficients (K). 
The internal pipes diameters that were used are shown in Table 1 [56].  
Table 1: Extra heavy pipe schedule 80-ASTM A53 type A [56]  
NPS 
Designator* 
DN 
Designator** 
Outside Diameter Inside Diameter Wall Thickness 
(inches) (mm) (inches) (mm) (inches) (mm) 
1-1/2” 40 1.900 48.3 1.500 38.1 0.200 5.08 
2” 50 2.375 60.3 1.939 49.3 0.218 5.54 
4" 100 4.500 114.3 3.826 97.2 0.337 8.56 
*NPS stands for Nominal Pipe Size. 
** DN stands for Diameter Nominal 
The frictional head losses for different lengths of pipe where calculated using the Darcy-Weisbach 
formula of Eq. (3) [3]. 
 The friction factor, f, in Eq. (3) is not constant and depends on the Reynold’s number, Re. Almost 
all of the pipe flow conditions in the KU steam power plant were turbulent (Re> 4000 [3]). 
Therefore, f was found from the Moody diagram (see Fig. 3) or the corresponding equations for f 
vs. Re and ε (Eq. (13)). The calculations assumed that the flow was very turbulent. The pipes’ 
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friction factors were determined first, and then the Swamee Jain relationship, Eq. (13), was used 
to solve for the pipes’ roughnesses [49]. 
𝑓 =
0.25
{log[
𝜀
3.7𝐷 
+
5.74
𝑅𝑒0.9
]}
2                                                                             (13)    
The selected discharge flow rate of 214 GPM in the line was not completely located in the very 
high Re zone. It was located in the transition zone. In the transition zone (see Fig. 3), f depends on 
both the Re and ε. Therefore, the calculations were carried out with acceptable errors. These errors 
resulted from assuming the friction factor to be constant for all pipe branches. In fact, the friction 
factor was not constant, it changed for each branch. This change was due to the fact that the flow 
rate was different in different pipe branches. See Appendix E1, E2, and E3 for comparison between 
the estimated f and the recalculated f depending on each pipe’s flow rate and positon. 
The pipe friction factor was back-calculated using Eq. (14) [49] from the known pressure head 
between the discharge point where the Omega pressure sensor was installed to the point where the 
Danfoss pressure sensor was installed.  
(
𝑃
𝛾
)
𝐴
− (
𝑃
𝛾
)
𝐵
+ 𝐻𝑝𝑢𝑚𝑝 𝑡𝑜𝑡𝑎𝑙 = (𝑍𝐵 − 𝑍𝐴) + (
𝑉𝐵
2
2𝑔
−  
𝑉𝐴
2
2𝑔
) + ∑ 𝑓 
𝐿
𝐷
 
𝑄2
2𝑔𝐴2
+ ∑ ℎ𝑚𝑖𝑛𝑜𝑟                                     (14) 
All terms are defined in the Nomenclature. The subscripts A and B denote the locations A and B 
in pipeline (Fig. 45). 
However, in order to calculate the minor losses, each fitting had to be addressed separately. 
Typically, minor losses are given in term of a local resistance coefficient, K, and the average 
velocity [3]. 
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ℎ𝑚𝑖𝑛𝑜𝑟 = 𝐾 
𝑉2
2𝑔
                                                                                        (15) 
In order to determine K for each fitting, Table 2 was made to show many of the equations that are 
used in calculating this coefficient. 
 Table 2: Example equations used to calculate the resistance coefficient, K, and the resulting values for 
 different types of fittings 
Fitting type 
Fitting 
size 
CV (𝑔𝑝𝑚√
𝑖𝑛2
𝑙𝑏
) Equation used K 
Regular flanged 90o elbows 4” N/A N/A 0.3 [3] 
Milwaukee Butterfly valve ML233 E 
4” 860 [57] 
𝐾 =  
(29.9 
𝑔𝑝𝑚
√𝑙𝑏 𝑖𝑛
)2(𝐷𝑁)4
(𝐶𝑣)
2   [3] 
0.309 
Milwaukee gate valve F-2885 M 
4” 945 [58] 
𝐾 =  
(29.9
𝑔𝑝𝑚
√𝑙𝑏 𝑖𝑛
)2(𝐷𝑁)4
(𝐶𝑣)
2
 
0.256 
Check valve F-2974-M horizontal 
swing -Iron 
4” 605 [59] 
𝐾 =  
(29.9
𝑔𝑝𝑚
√𝑙𝑏 𝑖𝑛
)2(𝐷𝑁)4
(𝐶𝑣)
2
 
0.6257 
Flanged T-section, Branch Flow 4” N/A N/A 1.0 [60] 
Flanged T-section, Line Flow 4” N/A N/A 0.2 [60] 
Screwed gate valve 2” N/A N/A 0.175 [3] 
NIBCO gate valve F-637 
2” 215 
𝐾 =  
(29.9 
𝑔𝑝𝑚
√𝑙𝑏 𝑖𝑛
)2(𝐷𝑁)4
(𝐶𝑣)
2
 
1.063 
90o  threaded elbow 2” N/A N/A 0.9 [3] 
Threaded 45o elbow 2” N/A N/A 0.3 [3] 
Contraction 2”x1.5” 
N/A N/A 
𝐾 = (
1
𝐶𝑐
− 1)2 
0.176 [61] 
Threaded 90o elbow 1.5” N/A N/A 1.1 [3] 
Threaded 45o elbow 1.5” N/A N/A 0.3 [3] 
Expansion 1.5”x2” N/A N/A 𝐾 = (1 − (
𝑑′
𝐷𝑁
)2)2 [3] 0.191 [3] 
Cc is the contraction coefficient (from tables in Ref. 61). For the ratio of d’/DN =1.5”/2”, Cc is equal to 0.7045 [61]. 
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All of the Table 2 equations were programmed in Excel so that the friction factor could be 
determined. If condensate water was fed to the vent condenser, the K for the T-section was taken 
to be that for branched flow. However, when the vent condenser was isolated (shut off) from the 
pumping system lines, the flow at location A in Fig. 45 changed from branch flow to line flow. 
The pipes’ elevations and lengths were measured in the steam power plant and input into the Excel 
sheet (see Appendix E for pipes’ length and elevation with respect to pump center lines). The flow 
rates in the pipes were taken from the data gathered in this project with an assumption that the flow 
in the total discharge line (TL) was divided equally between the left line (LL) and right line (RL) 
(Fig. 45). This assumption was acceptable since the left and right lines had the same length and 
elevation.  Therefore, assuming half of the total flow rate in each line was reasonable.  
After calculating all terms used in Eq. (14) except for friction factor, the friction factors for all 
pipes could be found using the 214 GPM flow rate in the total discharge line, and the recorded 
average pressures from the sensors were 36.56 PSIG and 30.33 PSIG for the discharge point 
(labeled D on Fig. 45) and the point right before the control valve (labeled E on Fig. 45). These 
pressure values were measured by the Omega and Danfoss pressure transducers at the 214 GPM 
flow rate. The friction factor for all pipes was 0.02198 (see Appendix E1). Then, Equation (13) 
was used to determine the pipe roughness (ε) for each branch. Pipe roughness was calculated 
depending upon the pipes’ positions, pipes’ diameters and flow values. In other words, pipe 
roughness was not considered to be constant for all of the 4” pipes, but each pipe line was 
considered to have a different pipe roughness depending on the pipe’s position, the flow rate in 
that pipe line, and the pipe’s diameter (Table 3).  
  
 
88 
 
Table 3: Pipes roughness  
Pipe nominal diameter size, D (in) Inside diameter size, D (in) Pipe roughness, ε (in) 
4” (TL) 3.826 0.00519 
4” (LL) 3.826 0.00450 
4” (RL)  3.826 0.00450 
4” (DL) 3.826 0.00506 
4” (CL)  3.826 0.00445 
2” (CL)  1.939 0.00145 
1.5” (CL)  1.500 0.00145 
 
See Fig. 45 for pipelines designated by the symbols TL, LL, DL, RL, and CL that are used in Table 
3. 
After having all of the pipe properties, the Swamee Jain relationship, Eq. (13), was used to 
calculate the friction factor for any flow rate in each individual pipe. 
Table 4 presents a comparison between measured and calculated (from Eq. (14)) pressures before 
the control valve. As discussed earlier, the pipe roughness had been determined. Therefore, in 
order to check the results shown in Table 3, six tests were performed. In each test, a different flow 
rate was used in order to check the calculated pressure drop between the same two points 
(discharge and before control valve) that were used to determine the pipes roughness. From these 
two sets of information, there was good agreement between the calculated data and the measured 
data, with their percentage errors being less than 2.0% as shown in Table 4. The percentage error 
was calculated based on the measured pressure values from the pressure sensors.  
From Table 4, one could conclude that the procedure followed to calculate the pressure right before 
the control valve was accurate enough to follow the same procedure to calculate the pressure drop 
in line A-B (Figure 45). 
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Again, the calculated pressure drop in line A-B helped to determine the extra pressure needed to 
lift the water to the vent condenser and then return that amount to the storage tanks for a specific 
flow rate. From this pressure drop, power consumed could be computed. This will be explained in 
Chapter 5. See Appendix E for pressure calculation Excel sheets.   
Table 4: Comparison between the calculated pressures from Equations (14) and (15) and the measured 
 pressure from the pressure sensors 
 
All results in Table 4 are taken from Appendix E2. 
The pressure drop between points A-B was then calculated. However, there was no pressure sensor 
in the line going to the vent condenser (from location A to the vent condenser) to check the 
obtained results. The first assumption made in these calculations was that the pressure drop across 
the vent condenser was 2 PSIG; and the pressure at point B was assumed to be approximately 2 
PSIG. In order to have the flow in the recirculation line [the vent condenser return line] reach the 
Trial 
Run # 
Data 
Recorded 
Date 
Total 
Discharge 
(GPM) 
Vent 
Condenser 
Flow Rate 
(GPM) 
Discharge 
Pressure 
(PSIG) 
Measured 
Pressures 
Calculated 
Pressures 
Error % 
Pres. before 
Control 
Valve (PSIG) 
Pres. before 
Control 
Valve 
(PSIG) 
1. 02/05/15 214.700 82.140 36.560 30.233 30.318 -0.280 
2. 03/03/15 186.739 86.451 39.843 34.336 34.068 0.779 
3. 02/08/15 167.355 89.235 41.910 36.831 36.408 1.147 
4. 01/27/15 160.810 90.000 42.620 37.811 37.201 1.614 
5. 01/27/15 107.693 0.000 46.682 41.682 41.568 0.273 
6. 03/03/15 73.260 0.000 48.390 43.931 43.562 0.840 
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storage tank, calculations must show that the pressure at the intersection point where the 
recirculation line meets the condensate return was equal to 2 PSIG. Otherwise the condensate water 
in the return line would flow into the vent condenser line (Fig. 45). Using the data recorded from 
the Worthington pump, its discharge pressure was 36.56 PSIG for a flow rate of 214 GPM and a 
vent condenser flow rate of 82.1 GPM. Calculating the pressure drop between points A and B, it 
was found that the minimum pressure at point A that must be produced by the Worthington pump 
in order to lift condensate water to the vent condenser was 28 PSIG. This calculation was by trial 
and error in order to have the pressure at point B roughly equal to 2 PSIG. That means the pressure 
drop between A and B was roughly 26 PSIG. (See the Excel sheet calculations in Appendix E3 for 
details.) The equations used in calculating the pressure drop are not presented in Appendix E. The 
graduate research of Allabdullah present these equations in more detail [62]. 
In summary, for a flow rate of 82.1 GPM to the vent condenser, the pressure drop was found to be 
26 PSIG. In order to increase the flow rate to the vent condenser, the pressure at point A must 
increase. The calculation procedure of Appendix E3 can predict the pressure drop for any flow rate 
based upon the assumption that pressure drop across the vent condenser was 2 PSIG and did not 
change when the flow rate changed. 
2.4 Life Cycle Cost Analysis Procedure and Equations 
In order to determine the most cost effective pumping system and control method that should be 
used in the KU steam power plant, LCC was employed. In this project, LCCA was performed 
using the BLCC5 program provided by the National Institute of Standards and Technology (NIST), 
which can be downloaded from Ref. 36 free of charge. This economics software was developed in 
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Year        1      2        3        4          5         6          7          8          9          10                                 
N 
Study Period 
Service Period 
Base Date 
Service Date 
Figure 46: Coinciding study period and service period (reproduced from Ref. 29) 
order to help in making decisions in selecting alternatives, balancing initial capital costs against 
operating and maintenance costs over a specific life time [36]. 
This section provides the related costs involved in determining LCC. The equations used in the 
BLLC5 program to calculate the present value from future costs that will be detailed in this section 
for a time period of twenty years [24]. For projects that are directed toward evaluating energy 
savings, the FEMP (Federal Energy Management Program) Analysis Energy Project of the BLCC5 
is applicable. FEMP is more involved in evaluating a life cycle costs for energy and water 
conservation and renewable energy projects similar to the project at hand [29]. 
It is crucial to realize that the study period has two important dates: the base date and the service 
date.  The base date is the date from which “all project-related costs are discounted in LCCA” [29]. 
Obviously, it is important to select the same base date for the project alternatives that are under 
study. The other date is the service date. This date is similar in concept to the base date and 
sometimes these dates are selected to be the same, as shown in Fig. 46 [29]. The service date can 
be defined as “the date on which the project is expected to be implemented. Operating and 
maintenance costs (including energy and water related cost) are generally incurred after this date 
not before.” [29]. Before including all relevant costs in LCCA in Eq. (6) [29], these costs must be 
discounted to their present value because they are occurring at different times in the future. 
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In order to discount the future values into their present value equivalents, BLLC5 uses four 
discounting factors as shown in Table 5 [29]. These factors are: 1) Single Present Value (SPV) 
factor, 2) Uniform Present Value (UPV) factor, 3) Uniform Present Value factor modified for price 
escalation (UPV*), and 4) FEMP UPV* factor for use with energy costs [29].  Each factor is used 
for a different type of amount, depending upon the occurrence frequency in the future, and is 
explained in Table 5 [29].  
On the left side of Table 5, there are formulas that can be used for determining each type of factor. 
Tables Ba-1 to Ba-5 of Ref. 29 are updated annually and uploaded by DOE. They can be found in 
Ref. 36 under the “Annual Supplement to Handbook 135”. For this project, these tables were 
updated in 2014 [63]. BLCC5 users do not have to calculate these factors manually because DOE 
enters all of them in the program. Moreover, these factors are computed for a study period range 
(1- 30 years) using the latest FEMP discount factors and energy price escalation rates. Therefore, 
it is important to download the latest updated program to perform the most accurate LCCA.   
The first cost to be input in to the LCCA program was the initial investment occurring one only 
time. There was no need to discount this cost to present value as it was already a present value. 
The initial investment costs of the constant speed pump were as follows. The Worthington pump 
cost was US$2,500 plus the cost of the control valve or flow regulator valve that had to be 
employed with it in order to control/regulate the flow to the DA tank according to the demand. 
The cost of the Fisher control valve was US$4,000 [10]. The other initial cost that is associated 
with the constant speed pump is the control valve installation cost. Part of the installation cost was 
a certificated welder to have the control valve flanges welded. The control valve installation cost, 
including the cost of two flanges, was estimated to be US$6,000 [30].  
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  Table 5: Present-value formulas and discount factors for LCCA (reproduced from Ref. 29) 
 
 
PV formula for one-time amounts 
The Single Present Value (SPV) factor is used to 
calculate the present value, of a future cash amount 
occurring at the end of the year t. Ft, given a discount 
rate, d. 
𝑃𝑉 = 𝐹𝑡
1
(1 + 𝑑)𝑡
 
𝑃𝑉 = (𝐹𝑡) 𝑆𝑃𝑉(𝑡,𝑑) 
                                                   Ft 
           PV                    SPV 
 
 
The SPV factor for d=3% and t= 15 
years is 0.642. 
PV formula for annually recurring uniform 
amounts 
 
The Uniform Present Value (UPV) factor is used to 
calculate the PV of a series of equal cash amounts, Ao, 
that recur annually over a period of n years, given d. 
 
𝑃𝑉 = 𝐴𝑜  ∑
1
(1+𝑑)𝑡
𝑛𝑖
𝑡=1 = 𝐴𝑜  
(1+𝑑)𝑛𝑖−1
𝑑(1+𝑑)𝑛𝑖
  
𝑃𝑉 = 𝐴𝑜𝑈𝑃𝑉(𝑛𝑖,𝑑) 
    PV        UPV       Ao      Ao      Ao 
  
 
The UPV factor for d=3% and ni= 
15 years is 11.94. 
PV formula for annually recurring non-uniform 
amounts 
𝑃𝑉 = 𝐴0 ∑(
1 + 𝑒
1 + 𝑑
)𝑡
𝑛𝑖
𝑡=1
= 𝐴0 
(1 + 𝑒)
(𝑑 − 𝑒)
 [1 − (
1 + 𝑒
1 + 𝑑
)𝑛𝑖] 
The Modified Uniform Present Value (UPV*) factor is 
used to calculate the PV recurring annual amount that 
change from year to year at a constant escalation rate, e 
(i.e., 𝐴𝑡+1 =  𝐴𝑡  (1 + 𝑒)), over n years, given d. the 
escalation rate can be positive or negative.  
𝑃𝑉 = (𝐴𝑜) 𝑈𝑃𝑉
∗
(𝑛𝑖,𝑑,𝑒) 
       
   
 
                       
  
The UPV* factor for e= 2%, d=3%, 
and ni= 15 years is 13.89. 
PV formula for annually recurring energy costs 
(FEMP LCCA) 
The FEMP UPV* factor is used to calculate the PV of 
annually recurring energy costs over n years, which are 
assumed to change from year to year at a non-constant 
escalation rate , based on DOE projects. FEMP UPV* 
factors for the current DOE discount rate and published 
in Tables Ba-1 through Ba-5 of the Annual supplement 
to Handbook 135 [36].   
 
𝑃𝑉 = (𝐴𝑜) 𝑈𝑃𝑉
∗
(𝑟𝑒𝑔,𝑓𝑡,𝑟𝑡,𝑑,𝑛𝑖)
 
 
 
 
 
The FEMP UPV* factor for region 
(reg)=3, fuel type (ft)= electricity, 
rate type (rt)= commercial, d= 3%, 
and ni= 15 is 12.12 (1995). 
UPV*     A1 
A2 A3 
PV 
A3 
A2 
A1 UPV
*     
PV     
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The two Grundfos variable speed pumps and the central panel with CR monitoring controller were 
US$15,000 [10]. Both pumps installation costs were assumed in this thesis to be $1,000. In order 
to control the condensate water level in the DA tank, a level sensor was needed for the Grundfos 
pumps. However, the control valve that was needed for the Worthington pump also required a 
water level sensor to signal the control valve in order to regulate its operation. Thus, a level sensor 
was assumed to be necessary for both pumps’ operation. For this reason, the cost of the level sensor 
$1,972 [64] was added to each type of pump’s initial cost (the level sensor invoice can be found 
in Appendix K). The residual value in Eq. (6), Res, was not considered in this comparison, 
assuming there would be no residual value at the end of the twenty years study period [10]. 
The operation, maintenance and repair (OM&R), and replacement costs (Repl) in Eq. (6) were 
considered. For example, replacing a pump mechanical seal costs US$200 for either pump. The 
replacement of motor or impeller seals routinely occurs every two years; and the labor to carry out 
the replacement was estimated to be US$1000 for the Worthington Pump and US$2000 for the 
Grundfos pumps. However, for this project, the replacement was averaged over every ten years, 
starting from the date of the pumps’ installation. The seal replacement labor was considered as 
“non-annually recurring costs” [29], i.e., costs that were not occurring annually but occurring at 
irregular times [29]. On the other hand, the costs of labor (US$1,000) for both pumps every year 
was considered as an “annually recurring cost” [10]. 
Each of these costs in the previous discussion were treated differently according to the frequency 
of occurrence. The equations described in Table 5 used “DOE’s real discount rates (excluding 
general price inflation), nominal discount rate (including general price inflation) and implied long-
term average rate of inflation for 2014 of 3.0%, 3.1% and 0.1%, respectively” [63].  
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The last set of costs are the energy and water consumption for both pump systems, E and W, in 
Eq. (6). The costs were obtained by contacting the City of Lawrence water supply division. These 
costs were US$0.0736 per kWh [65], US$480.00 Annual Demand fees [10], and $3.39/1,000 
gallons of water [66].  
The annual energy consumption was calculated based on the power consumption data gathered in 
the project. Power consumption data was gathered during the time at which the steam demand was 
at its highest, i.e., winter time. In order to determine the average energy consumption for the 
months in which the power consumption data was not gathered, an estimate was made based on 
the power consumption data gathered for the months that had the highest energy consumption and 
the total steam generated in all twelve months (to be explained in Section 4.1). This approximate 
calculation was employed in order to estimate the average annual energy consumption. Tables of 
steam generated by the steam power plant are presented in Appendix F. 
The LCC for the vent condenser was calculated separately in order to have an estimate as to how 
much annual savings the vent condenser was providing, and then compare that savings with the 
savings that the steam power plant might have when running the variable speed pumps in level 
control mode in Case 2 without the vent condenser. The results from this comparison would show 
whether the savings from running the variable speed pumps was greater or less than the savings 
from the energy reclamation resulting from using the vent condenser. 
In order to find the total LCC of the vent condenser, assumptions were made. The total LCC time 
period of the vent condenser was assumed to be 10 years instead of 20 years. Therefore, in order 
to have the same LCC time period for both pump systems and the vent condenser, a second vent 
condenser was assumed to be purchased at the end of first 10 years. The initial cost of the vent 
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condenser with all piping and fittings requirement along with the labor work was assumed to be 
$10,000 [22]. Another $10000 was assumed to purchase and install. The second vent condenser at 
10 years from the start considered price increases due to inflation. Because there would be a little 
maintenance required for the vent condenser, an average of $2500 [22] in maintenance fees was 
assumed for every two years to check the vent condenser tube bundle, and replace the rusted tubes 
if necessary. Again, no residual value was assumed for the vent condenser [22]. The maintenance 
costs were considered as “non-annually recurring costs” [29]. The natural gas cost was obtained 
from the energy engineer of the University of Kansas, which was 0.53 cent/ft3 [57].   
The LCCA of the vent condenser is different in concept than that of the pumps because the 
operating costs that are associated with running the pumps are costs that the investor has to pay. 
On the other hand, the operating “costs” of the vent condenser are not paid by the investor, but are 
saved due to purchasing less natural gas than if there were no vent condenser (Section 2.3). 
In order to calculate the savings from running the vent condenser, the data gathered from the 
Cadillac magnetic flow meter that measures the condensate water flow rate was used to calculate 
the mass flow rate of water to the vent condenser (see Appendix D example). For the months in 
which the Cadillac magnetic flow meter was not installed (May, June), an estimate was made to 
consider the condensate water flow rate to be approximately the same flow rate as for the nearest 
month in which the data was available. For instance, the flow rate in May of 2014 was 
approximated to be the same as the flow rate in June of 2014.  
 The Cadillac magnetic flow meter was installed in the steam power plant in July of 2014. 
Therefore, the data was available in July through September then from November through April. 
As discussed in Section 2.2, expanding the testing system and calibrating the Siemens flow meter 
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was performed in October of 2014. Therefore, the work was concentrating on the calibration, and 
no data was gathered during this month. However, in order to estimate the condensate water flow 
rate in October, the data gathered in September and November were averaged. The other factor 
that was used to calculate the annual energy gain from the vent condenser was the boiler efficiency 
that helped to determine the amount of natural gas that would have been consumed in order to 
generate the corresponding amount of energy in the steam. The boiler efficiency for each month 
was calculated in Appendix F for each day. Then the monthly average boiler efficiency was 
calculated from averaging the daily boiler efficiencies. The monthly boiler efficiency range was 
from 88 % to 90%.  See Section 2.3.2.1 for the equations used to calculate the boiler efficiency, 
and Appendix D for the vent condenser’s energy reclamation calculation.  
The Base Date for the study period was April of 2014 and the study period was 20 years for both 
the pumps’ LCC and the vent condenser’s LCC. The constant dollar method was used to calculate 
the LCCs as it is “supported by the BLCC computer program” [29]. The constant dollar method 
requires no estimate of the inflation rate. The future costs in this analysis are discounted using 
“real discount rate that excludes the rate of inflation” [29].  
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Figure 47: Power consumption for Grundfos and Worthington pumps from Feb. 5 through Feb. 14 of 
2015 (Case 1, Test #1) 
Chapter 3: Results 
3.1 Case 1 
3.1.1 Test #1, February 5 to February 14, 2015 
Case one presents a comparison between the Worthington constant speed pump’s and the Grundfos 
variable speed pumps’ power consumption, total flow rate, discharge pressure, and vent condenser 
flow rates. Both pumps were running in the pressure control mode, with the vent condenser valve 
open, and the DA control valve regulating the flow. The data was gathered from February 5 to 
February 14 of 2015.  
 
 
   
  
 
    
  
As evidenced from Fig. 47, the Worthington constant speed pump was running from February 5 
through February 9. Then the Grundfos pumps took over the work from February 12 through 
February 14. Because the steam power plant was running two pumps at the time when the steam 
demand was high, the power consumption data for the Grundfos pumps was limited only to two 
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Figure 48: Flow rates for Grundfos and Worthington pumps from Feb. 5 through Feb. 14 of 2015 (Case 1, 
Test #1) 
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days (Fig. 47). The remaining days of the week in which the Grundfos pumps were running are 
not presented in Fig. 47 because there was a second pump running with the Grundfos pumps. 
The average power consumption of the Worthington pump was 5.567 kW while the average power 
consumption of the Grundfos pumps was 8.433 kW. The Grundfos pumps consumed more power 
than the Worthington constant speed pump because the generated steam was higher in the time 
when the Grundfos pumps were running. This can be clearly seen from Fig. 48. The Worthington 
pump flow rate was not completely constant. The Grundfos pumps were providing a high flow rate 
to meet the demand and the desired set point pressure of 43 PSIG.      
 
 
 
 
 
 
  
  
 
The average flow rate of the Worthington constant speed pump was 176.225 GPM while the 
average flow rate of the Grundfos pumps was 228.759 GPM. These two different values justified 
the higher power consumption of the Grundfos pumps. Even with this explanation, in later 
sections, more analysis will be performed to compare the actual power consumption measured 
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Figure 49: Discharge pressure for Grundfos and Worthington pumps from Feb. 5 through Feb. 14 of 2015 
(Case 1, Test #1) 
when the pumps were running with data shown in pumps’ characteristic curve (from the 
manufacturers). Moreover, the pumps’ hydraulic power will also considered in order to determine 
the theoretical pumps’ power consumption and compare with the recorded power consumption.  
 
 
 
 
 
 
 
  
 
Figure 49 presents the discharge pressure of the Worthington pump which varied often based upon 
the pump’s operating point, and changed depending upon the system curve changes. The operating 
point changed due to the control valve. The control valve changed its opening percentage to keep 
the water level in the DA tank fairly constant (~ 52%). When the control valve opening increased, 
that caused the system curve to become flatter; and when the control valve opening decreased, the 
system curve became steeper. The system curve trend changed due to the frictional losses 
generated by the control valve. It is important to note that the control valve opening positions 
changed due to water level in the DA tank changing with a variation that corresponded to the 
boilers’ demand. 
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On the other hand, the Grundfos pumps attempted to run at constant discharge pressure because of 
the operating mode selected by the steam power plant’s staff. For example, when the steam demand 
increased, the variable speed pumps responding to that sudden increase and provided a higher flow 
rate at the same discharge pressure of 43 PSIG. That operating mode caused the Grundfos pumps 
to speed up to meet the high demand at a relatively high discharge pressure. On the other hand, the 
Worthington pump did not undergo such changes in operating conditions. If the steam demand 
increased, the constant speed pump would try to deliver a high flow rate; but the discharge pressure 
reduced due to the fact that this pump could not perform more work than that for which it was 
designed. See Fig. 48 and Fig. 49 on February 5 when the average flow rate was 207.31 GPM, and 
the average discharge pressure was 37.42 GPM for the Worthington pump. On the other hand, the 
average flow rate for the Grundfos pumps was 245.285 GPM on February 12, and the average 
discharge pressure was 42.913 PSIG. This operation condition makes the Grundfos pumps perform 
more work than the Worthington pump. As a result, the Grundfos pumps consumed more power. 
In addition, the comparison was not made for the same time period. For these reasons, this case 
study was excluded from the LCC in Chapter 4. 
The overall average discharge pressure for the Worthington pump was 40.943 PSIG from February 
5 through February 9, and the average discharge pressure of the Grundfos pumps was 42.7158 
PSIG from February 12 through February 14, 2015. 
Figure 50 presents the differential pressure drop across the control valve when both pumps were 
running, for the discussed period of time. The average differential pressure across the valve that 
controls the flow to DA tank was 26.685 PSIG and 27.411 PSIG for the Worthington pump and 
Grundfos pumps, respectively. 
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Figure 50: Differential pressure across the control valve for Grundfos and Worthington pumps from Feb. 5 
through Feb. 14 of 2015 (Case 1, Test #1) 
   
 
 
 
  
 
 
 
 
As evidenced from Fig. 50, the pressure drop across the control valve was fairly constant when 
running the Grundfos pumps, and slightly fluctuating when running the Worthington pump. This 
is because of the fact that the Grundfos pumps always delivered the same pressure to the control 
valve; and the control valve was trying to maintain the same pressure drop in order to regulate the 
flow into the DA tank. In other words, when the steam demand increased, the Grundfos pumps 
were attempting to increase the flow rate to meet the demand; but the discharge pressure at the 
pumps’ outlets remained constant regardless of the change in flow rate. As a result, the control 
valve maintained the same pressure drop. On the other hand, when the Worthington pump was 
running, the pressure at the discharge was not constant and changed depending upon the steam 
demand or the control valve opening percentage. Therefore, when the steam demand increased, 
the control valve opened more trying to feed the DA tank with more condensate water. That 
increase in flow rate caused the constant speed pump’s discharge pressure to decrease (as explained 
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Figure 51: Vent condenser flow rate for Grundfos and Worthington pumps from Feb. 5 through Feb. 14 of 
2015 (Case 1, Test #1) 
earlier). As a result, the pressure before the control valve consequently dropped. In this case, the 
control valve was trying to keep the pressure in the DA tank almost the same. The DA tank’s 
pressure was selected to be 7-8 PSIG by the steam power plant staff. One should notice that the 
flow rate across the control valve varied, but the exit pressure of that flow remained fairly constant 
on the outlet side of the valve. 
The pressure drop across the control valve and the pressure before the control valve followed the 
same pattern. Therefore, in the following results, the pressure drop across the control valve will 
not be presented unless there were some changes in the pressure drop that need to be discussed. 
The information just presented was designed to show how the pressure drop across the control 
valve might change, and how the control valve worked.  
Next, Fig. 51 is an example of the condensate water flow rate to the vent condenser when either 
the Worthington pump or the Grundfos pumps were running with the control valve on duty. 
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Figure 52: Inlet pressure for Grundfos pumps from Dec. 29 to Dec. 30 of 2014 
The average vent condenser flow rate when the Grundfos pumps were running was 87.769 GPM 
while, when the Worthington pump was running, the average flow rate was 86.332 GPM. The 
overall average flow rate to the vent condenser was almost the same for both pumps. That is true 
because the amount of water that reached the vent condenser was directly related to the overall 
average pump discharge pressure. Therefore, because both types of pumps had nearly the same 
overall average discharge pressure, their abilities to lift water to the vent condenser were the same.  
Again, the information gathered from the vent condenser followed the same pattern as shown in 
Fig. 51. Therefore, in the following results given for Case 1, these data will not be presented unless 
necessary.  
Figure 52 presents the Grundfos pumps’ inlet pressure, which will be taken as a constant value for 
this entire project. This pressure is the same for both types of pumps, even though the pressure 
sensor was installed only at the inlet side of the Grundfos pumps. The data was taken during 
December of 2014. Also, these data was taken at other times with the same results. 
 
 
 
 
  
As it is evident from Fig. 52, the inlet pressure is fairly constant and does not change significantly 
with time. The average inlet pressure for the Grundfos pumps was 1.846 PSIG from December 29 
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through December 30 of 2014. Therefore, the inlet pressure will be considered constant for both 
types of pumps in this project wherever needed in calculating pump power. 
In order to check the validity of the recorded power consumption data, the system (pump and 
motor) power consumption was calculated using two approaches.  The first was by reading the 
power consumption from pump manufacturers’ performance curves (see Appendix A1 and A2).  
The second approach was using pump pressure and flow rate in a corresponding equation (to be 
explained in this section). 
For the first approach, in order to be able to specify the average operating point, one must have 
two pieces of information, the average discharge pump pressure and the flow rate. The average 
discharge pressure is shown on the pump curves as pressure head in feet. Therefore, the average 
recorded discharge pressure given in PSIG was converted to feet. The term head can be defined as 
“the quantity used to express the energy content of the liquid per unit weight of the liquid referred 
to any arbitrary datum” [3]. To convert the pressure in pounds per square inch to feet, use [3]. 
 
𝐻 (𝑓𝑡) = 𝑃 (
𝑙𝑏
𝑖𝑛2
) 
2.31(
𝑖𝑛2
𝑙𝑏
 𝑓𝑡)
𝛾′
                                                                                (16)       
All terms are defined in the Nomenclature. The specific gravity (γ’) for water at 1600 F [10] is 
0.979 [3]. After converting the discharge pressure to feet of head, and having the average flow rate 
at that pressure, one can use pump performance curves in Appendix A (A1 and A2) in order to 
find the required power to perform the work. 
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The second approach for validating the recorded power consumption uses flow rate and pressure 
to calculate the brake horsepower for a pump Eq. (17) [3]. 
𝑏ℎ𝑝 =
𝑄 (𝐺𝑃𝑀) [∆𝑃(𝑃𝑆𝐼𝐺)]
𝐶1 𝜂𝑝
                                                                            (17) 
C1 is a units conversion factor in Eq. (17), and it is equal to 1714 (
𝐺𝑃𝑀 𝑙𝑏
𝑖𝑛2 ℎ𝑝
).  
However, in order to calculate the actual electrical power consumption by the system (pump and 
motor), the motor, pump, and VFD efficiencies are required. Therefore, Eq. (17) becomes [16] 
Ẇ(𝐻𝑃) =
𝑄 (𝐺𝑃𝑀) [∆𝑃(𝑃𝑆𝐼𝐺)]
𝐶1  (𝜂𝑚)(𝜂𝑉)(𝜂𝑝)
                                                              (18) 
 All terms are defined in the Nomenclature. Subscripts p, m, and V denote pump, motor and VFD, 
respectively.  
 According to the Grundfos pump performance curves, the overall efficiency of the system 
including the pumps, motor and VFD is given as “Eff. Pump & mtr”. Therefore, there is no need 
to calculate each efficiency individually. Using the Grundfos pump curves that are available in 
Appendix A2, one can find the power consumption of the system by directly using the recorded 
average flow rate and discharge pressure.  
For Test #1, in order to validate the recorded power consumption for the Grundfos pumps, the 
pump performance curves show that the pumps’ electrical power consumption was 7.78 kW 
(10.433 HP). However, the obtained power value from the curves differs from the recorded power 
consumption of 8.433 kW (11.38 HP) being 7.74% lower. Using the same method to find the 
power consumption of the Worthington pump in Test #1, the power consumption from pump 
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curves was approximately 5.011 kW (6.72 HP), while the average power consumption from the 
recorded data was 5.567 kW which is equivalent to 7.465 HP, showing that the recoded power was 
9.98% higher than the power read from the pump curve. Don’t forget the aging factor that also 
contributes to calculation errors because manufacturers do not give a factor that shows how pumps 
perform as they become old. The Grundfos pumps were installed in 2010, and the Worthington 
pump was installed in 2005. 
In the second approach, Eq. (18) was used. Before using Eq. (18) to calculate the pump power 
consumption and compare to the other two power consumption values, the pump efficiency must 
be determined. The Worthington pump’s performance curve shows that the mechanical pump 
efficiency at that operating point [found from the average flow rate and the discharge pressure 
from Test #1] is approximately 67% and the Worthington pump motor efficiency is 87.5% [67]. 
Therefore, after inputting the gathered average data for flow rate and discharge pressure for the 
Worthington pump and assuming that the inlet pressure to this pump during the time the data was 
gathered was 1.8 PSIG in Eq. (18), the Worthington pump power consumption was computed to 
be 6.864 HP (5.118 kW). Therefore, the calculated power consumption from Eq. (18) is about 8 
% less than the recorded power consumption value of 5.567 kW for Test #1 and is 2% more than 
the power consumption obtained from the pump performance curves. 
 Following the same procedure with the Grundfos pumps for using Eq. (18), the combined pump 
and motor efficiency obtained from the Grundfos pump performance curves was 54.6%. The 
average flow rate and discharge pressure in Test #1 were 228.759 GPM and 42.913 PSIG, 
respectively. Equation (18) gives the power consumption of the Grundfos pumps as 10.05 HP 
which equivalent to 7.494 kW. This value is less than the recorded power consumption of 8.433 
kW by 11.13% and is about 3.8% less than the power from the pump curve. 
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Figure 53: Grundfos and Worthington pumps’ power consumption from March 3 through March 16, 2015 
(Case 1, Test #2) 
These types of calculations will be used in the results for all of Chapter 3 to ensure that the average 
power consumption of the recorded data is fairly accurate and comparable to both the information 
from the pump curves in Appendix A and the power consumption obtained from Eq. (18). 
3.1.2 Test #2, March 3 through March 16, 2015 
 
 
 
 
 
 
 
  
Figure 53 presents the power consumption of the two types of pumps, Grundfos and Worthington, 
as they were running during normal operation. For this period of time, the Worthington pump ran 
from March 3 through March 9. Then the Grundfos pumps took over the work from March 11 
through March 16. The average power consumption of the Worthington pump was 5.121 kW, 
whereas the average power consumption for the Grundfos pumps was 5.796 kW. As is shown from 
the averages, the Grundfos pumps were consuming 11.6% more energy than the Worthington 
pump, even though the average flow rates were almost the same (Fig. 54). However, as explained 
previously, the Grundfos pumps could not run below the set point of 43 PSIG. On the other hand, 
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Figure 54: Grundfos pumps’, Worthington pump’s and vent condenser’s flow rates from March 3 through 
March 16, 2015 (Case 1, Test #2) 
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the Worthington pump delivered a high flow rate to the DA tank while running at different 
discharge pressures (Fig. 55).    
    
 
   
 
 
 
  
      
The average flow rate of the Worthington pump for the specified time was 175.392 GPM; and the 
average flow rate for the Grundfos pumps was 175.878 GPM. These values show that the average 
flow rates for both pumps were almost the same. Figure 54 gives a clear picture of the peak steam 
demands that the steam power plant produced daily, especially in the Grundfos pumps’ case. These 
peaks typically occurred every day in the morning when the students, faculty and staff arrived at 
the university and started opening the buildings’ doors, causing the heating load to increase with 
a corresponding increase in the steam demand. Then steam demand dropped to a minimum when 
the students, faculty and the staff left the university, keeping the buildings’ doors mostly closed.  
Also, in Fig. 54, the flow to the vent condenser is shown. One can see the amount of condensate 
water recirculating through the vent condenser. The advantage of this recirculation is that, during 
110 
 
30
32
34
36
38
40
42
44
46
48
3/3/2015 3/5/2015 3/7/2015 3/9/2015 3/11/2015 3/13/2015 3/15/2015
P
 (
P
S
IG
)
t (Day)
Worthington
Grundfos
Figure 55: Grundfos and Worthington pumps’ discharge pressures from March 3 through March 16, 2015 
(Case 1, Test #2) 
hot weather when the steam demand is at its minimum, instead of over pressurizing the discharge 
pipeline, most of the flow is recirculated through the vent condenser, helping to relieve the pressure 
in the pumps’ discharge line. 
 The average flow rates to the vent condenser were 89.039 GPM and 87.9 GPM for the Grundfos 
and Worthington pumps, respectively, for the specified time period. 
 
  
 
 
 
 
 
 
 Figure 55 shows the Grundfos pumps’ response as they attempt to maintain the discharge pressure 
at precisely the same pressure required by the operator, i.e., 43 PSIG, regardless of the flow rate 
demand by the steam power plant. On the left side of Fig. 55, the Worthington pump’s discharge 
pressure did not remain constant, but keep fluctuating, depending upon the new operating points 
created by the control valve’s changeable opening. The power consumption of the Worthington 
pump changed slightly (see Fig. 53). That was because the operating point keep moving along the 
pump’s curve due to the control valve’s varying opening position changing the system’s resistance 
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curve’s slope. This is the job of the control valve. The control valve changes the system’s resistance 
curve by increasing its frictional losses “minor losses” (see Eq. 15).  
This operating principle is different in the case of the variable speed pumps operating at a constant 
discharge pressure of 43 PSIG. Whenever the operating point changed because of the control valve 
changing to keep the water level in the DA tank constant, the variable speed pumps sped up to 
keep the set point pressure constant. The increase in speed caused the variable speed pumps to 
burn more energy according to the Affinity Laws (see Eq. (19) [68]). From Eq. (19), the power 
consumption increased when the pumps’ speed increased. That explains the peaks in the power 
consumption of the Grundfos pumps in Fig. 53.  
                                                 
𝑩𝑯𝑷𝟏
 𝑩𝑯𝑷𝟐
=  (
𝒏𝟏
𝒏𝟐
 )
𝟑
                                                                       (𝟏𝟗) 
For Test #2 in Case 1, using the average values of the Worthington pump’s flow rate and discharge 
pressure (175.39 GPM and 41 PSIG) to read the power consumption from its performance curve 
(Appendix A1) gave approximately 6.6 HP (4.9216 kW). That is approximately 3.89% less than 
the average recorded power consumption (5.121 kW). Using the Grundfos pumps’ performance 
curve (Appendix A2) by applying the recorded average flow rate and discharge pressure of 175.87 
GPM and 42.93 PSIG, the power consumption was approximately 5.45kW (7.308 HP). That is 
lower than the average recorded value (5.796 kW) by approximately 5.97%. These comparisons 
showed great agreement between the recorded values and the theoretical values read from their 
corresponding pump performance curves. From the Worthington pump curves (Appendix A1), the 
pump efficiency at a flow rate of 175.39 is roughly 67%. The system efficiency is 58.6%. Using 
the average flow rate (175.39 GPM), discharge pressure (41.09 PSIG) and the pump efficiency 
information in Eq. (18), with the average inlet pressure of 1.8 PSIG subtracted from the discharge 
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pressure, the power consumption obtained from Eq. (18) was 6.858 HP (5.118 kW). This 
calculated power consumption was nearly the same (0.07% different) as the recorded power 
consumption of 5.1216 kW. Again, this shows the great agreement between the calculated power 
consumption and the recorded power consumption for this situation. 
Following the same procedure in order to calculate the Grundfos pumps’ power consumption using 
Eq. (18), the system efficiency from the performance curve (Appendix A2) was 58.1% when 
applying the average recorded values (175.87 GPM and 42.93 PSIG). The system power 
consumption using Eq. (18) was 7.2 HP (5.369 kW). This calculated power consumption was 
lower than the recorded value (5.796 kW) by roughly 7.36%. Overall, the calculated power 
consumption using pump performance curves and Eq. (18) in Case 1, Test #2 was still within an 
acceptable tolerance range of ± 10%.  
It is true that the efficiency of each pump was taken from the pump curves and was subject to error 
when reading the respective pump curves’ efficiency. However, one could conclude that the 
Worthington pump was running slightly more efficiently than the Grundfos pumps.  It might be 
that this comparison does not put the pumps on the same basis, but still such a comparison can be 
discussed. The comparison can be justified by examining the Worthington pump’s power 
consumption, which was 13.16% lower than the Grundfos pumps’ consumption in Case 1, Test 
#2. These results give a comparison for both pumps when they were producing almost the same 
flow rate, but different discharge pressures.  The discharge pressure of the Grundfos pumps was 
higher by 1.84 PSIG.  
Similar to Section 3.1.1, the Worthington pump was running on the left side of the BEP [the BEP 
of the Worthington is 77.5% (see Appendix A1)]. The pump was not working in the rated operating 
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Figure 56: Worthington pump power consumption on March 11, 2015 (Case 2, Test #1) 
region (80%-110%) of the BEP [4], nor was it working in the preferred operating region of 70%-
120% of the BEP [5] (see pump performance curves in Appendix A1 for more information). 
Therefore, the pump was not sized appropriately to operate at such conditions. In order to re-size 
the Worthington pump properly, it is recommended to lower the discharge head. 
3.2 Case 2 
3.2.1 Test #1, March 11, 2015 
In the following set of results, the Grundfos pumps were running in the level control mode, based 
on input from the level sensor installed in the DA tank. In this operating mode, the Grundfos pumps 
were unable to deliver the condensate water to the vent condenser. Therefore, in order not to 
overheat the vent condenser when no water was going through its tube bundle, the valve in the 
pipeline to the vent condenser was turned off. The same process was followed when running the 
Worthington pump, even though it was capable of lifting the water to the vent condenser. This was 
done in order to compare the two types of pumps’ performance on an equal basis. Each pump ran 
for three hours in this test. 
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Figure 57: Grundfos pumps’ power consumption on March 11, 2015 (Case 2, Test #1) 
It can be clearly seen from Fig. 56 how the Worthington pump power consumption was reduced 
by not providing water to the vent condenser; and the power consumption fluctuated slightly 
around 4 kW. The average power consumption for the Worthington pump was 3.99 kW over the 
three hour time span. 
 
  
 
 
 
  
Figure 57 shows the power consumption of the Grundfos pumps when running in level control 
mode. The power consumption fluctuated in a periodic manner. The power consumption peaked 
many time due to the pumps’ sensitivity to changes in the water level in the DA tank. Once the 
water level decreased 1% below the set point of 52%, the pumps reacted as fast as possible to 
maintain the water level in the DA tank at the precise set point. Such fast reaction caused the power 
consumption to peak as in Fig. 57. However, these peaks lasted for a short period of time, ranging 
from 9 to 40 seconds, depending upon the amount of water taken from the DA tank. Then 
consumption dropped steeply to the lowest level. Even though these peaks existed, the Grundfos 
pumps consumed much less energy than the Worthington pump. The average power consumption 
for this operation mode was 1.592 kW. That is 2/3 of the Worthington pump’s consumption.  
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Figure 58: Worthington pump and recirculation flow rates on March 11, 2015 (Case 2, Test #1) 
 
 
 
  
 
 
Figure 58 shows the Worthington pump’s flow rate when just providing the water to the DA tank. 
However, because the discharge pressure was high, steam power plant personnel decided to open 
the recirculation line (Fig. 17) to relieve the pressure from the system, as shown by the 12 GPM 
recirculation flow in Fig 58. The average flow rate for the Worthington pump was 70.22 GPM, 
and the average recirculation flow rate was 11.88 GPM. 
The Grundfos pumps’ flow rate was not recorded for this case because the pressure sensor in the 
pumps’ controller was not selected as the primary sensor. Therefore, the PC-Tools program was 
not reading the pumps’ discharge pressure and flow at that time. The pumps’ controller can read 
the flow rate only when the pressure sensor is in use. The pressure sensor was not selected as a 
primary sensor by mistake in the first test when changing the pumps’ operating mode from constant 
pressure to level control mode. However, the following sets of tests results had complete 
information for this kind of operation. 
Figure 59 presents the Worthington pump’s discharge pressure when the vent condenser was 
turned off. The Worthington pump’s discharge pressure was much higher than that when the vent 
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Figure 59: Worthington pump discharge pressure on March 11, 2015 (Case 2, Test #1) 
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condenser valve was open. The average discharge pressure for the Worthington pump was 48.65 
PSIG. 
 
 
 
 
  
Using the average total flow rate [from adding together the recirculation and the discharge flow 
rates] and the discharge pressure of the Worthington pump, the power consumption found using 
the pump performance curve ( Appendix A1) was approximately 5.2 HP (3.877 kW). The value 
obtained from the curve was about 2.8% lower than the recorded real value of 3.99 kW. This result 
shows great agreement between the pump performance curve information and the data gathered 
from pump instrumentation. 
The Worthington pump’s efficiency from the performance curve was approximately 41% due to 
the low flow rate, and the combined efficiency for the system was 35.87%, which was poor due to 
operating in the low flow rate region. The calculated power consumption from Eq. (18) was 6.25 
HP (4.665 kW), which was 16.9% more than the recorded power consumption. If this value were 
accurate, the Worthington pump would have been exceeding its design power. This is not 
reasonable because the pump would be performing better in its “old” condition than when it was 
new. A close examination of the system’s operation was needed. The 1” recirculation line was 
connected directly to the pump’s discharge line and showed a pressure of 48.65 PSIG; and it 
recirculated the water to the pump’s suction line.  
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Figure 60: Grundfos pumps and Worthington pump pressure drop across the control valve 
on March 11, 2015 (Case 2, Test #1) 
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It was assumed that the recirculation line increased the inlet pressure of the pump, making it work 
even less to increase the discharge head. According to the calculations, the inlet pressure was 
assumed to have increased to 7 PSIG [from 1.8 PSIG] due to the recirculation line high pressure. 
Therefore, after changing the inlet pressure to 7 PSIG [from 1.8 PSIG], the theoretical power 
consumption obtained from Eq. (18) for the Worthington pump was found to be 5.56 HP (4.147 
kW).  This power consumption is 3.9% more than the recorded value (3.99 kW), which is within 
an acceptable range of ± 10%.  
 
 
 
 
 
 
  
 
Figure 60 shows the pressure drop across the control valve for both types of pumps. It can be seen 
that the pressure dropped almost to zero for the Grundfos pumps when the control valve was fully 
open, and the average pressure drop was 1.2 PSIG for the Grundfos pumps. 1.2 PSIG was because 
of the peak flow rates [seen in Test #2, Fig. 64] that caused the pressure drop across the control 
valve to be as shown in Fig. 60. The first peak on the left side in Fig. 60 occurred because the 
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control valve was not yet fully open, and the Grundfos pumps were running in level control mode. 
They were speeding up so that the water could reach the DA tank. Thus, this peak was the largest. 
After the control valve fully opened, no high pressure peaks occurred. On the right side of Fig. 60 
is the pressure drop for the Worthington pump when the control valve was in use. One can see the 
difference in the pressure drop created by the control valve when the vent condenser was shut off 
from the system. However, the pressure drop shown in Fig. 60 was not the actual value, but it 
should have been greater. The differential pressure sensor was only able to measure a pressure 
drop up to 2.5 bar (36.259 PSIG). This is the reason that the recorded pressure curve is almost 
perfectly flat. The average recorded pressure drop in this case was running was 36.577 PSIG, but 
should have been higher.   
3.2.2 Test #2, April 1, 2015   
For this test, the Grundfos pumps ran for one hour, and the Worthington pump ran for just half of 
an hour because of the high pressure associated with running this pump without using the vent 
condenser. This high pressure caused pipe leakage in some places. Even though maintenance on 
the pipes was needed, because the steam power plant has to be fully operational for 24 hours daily, 
no maintenance could be performed until May 19 of each year [for one week]. The plant is shut 
down for that week, so that the steam power plant’s staff can perform necessary maintenance. 
Figure 61 gives the power consumption of the Worthington pump during the afore-mentioned half 
hour. The average power consumption was 3.99 kW. In contrast, Fig. 62 shows that the Grundfos 
pumps consumed a great amount of power at times when running in level control mode with the 
vent condenser turned off. 
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Figure 62: Grundfos power consumption on April 1, 2015 (Case 2, Test #2) 
Figure 61: Worthington pump power consumption on April 1, 2015 (Case 2, Test #2) 
 
 
 
 
  
      
 
 
 
 
 
  
Figure 62 shows fluctuations that are similar to those of Fig. 57. Again, this was because of the 
pumps’ sensitivity to the water level dropping below the set point of the DA tank. In the “troughs” 
between peaks in Fig. 62, there was fairly constant power consumption which lasted for 
approximately 6-7 minutes. That was due to the fact that the pumps shifted from normal operation 
to minimum work performance in order to save energy. The average power consumption for the 
Grundfos pumps was 1.16 kW. That means the Grundfos pumps were able to run using 29% of 
the Worthington pump’s power consumption.  
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Figure 63: Worthington pump and recirculation flow rates on April 1, 2015 (Case 2, Test #2) 
 
 
 
 
 
 
Figure 63 presents the condensate water flow rate required to feed the DA tank while the 
recirculation line was open. In Fig. 63, the recirculation flow rate started at 10.5 GPM, then 
uniformly decreased to 2.99 GPM. This was the case every time that the data was gathered. Even 
though the magnetic flow meter installed in the recirculation line (see Fig. 17) displayed a fairly 
constant flow rate during the time of the experiment, the data acquisition system recorded lower 
values than those given by the magnetic flow meter after a short time from the beginning of each 
test. The data acquisition system’s fourth channel, into which the recirculation line’s data cable 
connector was plugged, was reset and recalibrated, i.e., the maximum and minimum reading range 
were re-input. However, the data acquisition system still followed the same scenario every time 
the experiment was carried out. Therefore, in order to have a roughly accurate calculation, the 
recirculation line’s average flow rate was taken only during the first few minutes of testing time, 
because the reading at the beginning of the test was similar to that recorded by the data acquisition 
system. The average flow rate of the Worthington pump for this time period was 74.32 GPM, and 
the average flow rate in the recirculation line was 5.934 GPM. However, when taking the 
recirculation line flow rate average only for a time period of four minutes from the start of the test, 
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Figure 64: Grundfos pumps flow rate on April 1, 2015 (Case 2, Test #2) 
the average flow rate was 9.7 GPM. Therefore, the total average flow rate through both the 
Worthington pump and the recirculation line was 84 GPM, which will be used in the calculations. 
In Case 2, Test #2, the PC-Tools software was able to record the Grundfos pumps’ flow rate 
because the discharge pressure sensor was selected to be one of the sensors that fed the Grundfos 
pumps’ controller with discharge pressure information. As discussed previously, the Grundfos 
pumps’ controller can read the flow rate only when the pressure sensor is in use. Therefore, the 
PC-Tools software was able to record the flow rate from the Grundfos pumps’ controller as shown 
in Fig. 64. The recirculation line was completely closed when the Grundfos pumps were running 
in level control mode. 
 
     
 
 
 
  
As is evident from Fig. 64, the flow rate also peaked after the times when the water level in the 
DA tank decreased below the 52% set point. The time span for the first peak when the flow rate 
reached 247 GPM to 268 GPM was 56.76 second. This means that a significantly high flow rate 
reached the DA tank during that 56.76 second period. Recalling the DA tank’s operating principle, 
there should be enough steam to heat up that large quantity of water reaching the DA for only 
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Figure 65: Worthington and Grundfos pumps discharge pressure on April 1, 2015 (Case 2, Test #2) 
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approximately one minute. Otherwise, the temperature of the water stored in the DA tank 
decreased; and, as a result, the boiler efficiency decreased correspondingly. However, when 
examining the last peak, it was found the average flow rate was 277.442 GPM, but over a time 
period of 38.87 seconds. This means that 179.78 gallons reached the DA tank during this relatively 
small time period. This was one of the disadvantages of these peaks. The other disadvantage was 
the high power consumption which caused the pumps to work hard to return the water level in the 
DA tank to the 52% set point. The average flow rate over 1 hour for the Grundfos pumps was 
61.57 GPM.  
Figure 65 shows the discharge pressure for both types of pumps on April 1, 2015. It is obvious 
that the Worthington pump provided a high pressure to overcome the system frictional head, 
especially the local frictional losses produced by to the control valve. This fact can explain why 
the Worthington pump was able to provide enough pressure head to lift the water to the vent 
condenser, because of the control valve flow restriction. This restriction caused the Worthington 
pump to run in a low flow rate region. Therefore, from the pump curve (see Appendix A1), the 
developed pressure head was high for low flow rate operation.  
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Again, the initial peak in the Grundfos pumps’ pressure shown in Fig. 65 was due to the control 
valve not being fully open. That forced the pumps to produce a high pressure in order to overcome 
the control valve’s frictional head losses so that condensate water could reach the DA tank. The 
average discharge pressure was 16.13 and 48.56 PSIG for the Grundfos and Worthington pumps, 
respectively.  
 Using the recorded average flow rate and discharge pressure to obtain the power consumption for 
Worthington pump from its performance curve (Appendix A1) gave approximately 5.2 HP (3.877 
kW), which is similar to that (3.877 kW) from Test #1 because the flow rate did not change much. 
The Worthington pump’s power consumption obtained from the curve was about 2.83% lower 
than the recorded power consumption (3.99 kW). However, when using Eq. (18) to find the 
theoretical power for the Worthington pump. The Worthington pump and motor efficiency was 
35.87%. The power consumption was 5.456 HP (4 kW), which is about 0.25% higher than the 
recorded value. This gives an indication that the assumption made (the inlet pressure was 7 PSIG 
instead of 1.8 PSIG due to the recirculation line pressure effect on the pump inlet pressure) was 
reasonable and acceptable.  
As for the Grundfos pumps, it was not possible to have recorded discharge pressure and flow rate 
at the same time in this Test. The pumps’ data changed significantly every second. Therefore, in 
order to have an estimation of the pump efficiency, curve fitting was performed on the increasing 
part of the first pulse assuming that every other peak behaved in similarly. A third order polynomial 
equation was found to fit all of the data gathered. See Appendix G for more information. The third 
order polynomial equation gave reasonable percentage errors as compared to the data recorded for 
each parameter (flow rate, power and discharge pressure) (see Appendix G). The flow rate and 
discharge pressure values were used to obtain the power consumption from the pumps’ 
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performance curves, and Eq. (18) was used to calculate the theoretical power consumption. Then 
the recorded power consumption was compared with the two calculated pump power consumption 
values obtained from the pumps’ performance curves and from Eq. (18)). The discharge pressure 
used in Eq. (18) was the differential discharge pressure and not the total head developed by the 
pump. The inlet pressure was assumed to be 1.8 PSIG. 
All results are shown in Table 6. A negative sign in the error column means that the calculated 
value was less than the recorded value. 
Table 6: Power consumption comparison for the Grundfos pumps (Case 2, Test #2) 
# Time  
(sec) 
Pump &motor 
efficiency from 
the pump curve 
(Appendix A2) 
Recorded power 
consumption 
(kW)* 
(Appendix G) 
(X1) 
 
Power 
consumption 
from the pump 
curve (kW) 
(Appendix A2) 
(X2) 
Error ** Power 
consumption 
from Eq. (18) 
(kW)** 
(X3) 
Error***  
1 7.34 51% 1.63 1.61 -1.22% 1.575 -3.37% 
2 17.1 52% 3.55 3.56 0.28% 3.438 -3.15% 
3 35.16 50.81% 7.699 7.6 kW -1.28% 7.336 -4.71% 
* See Appendix G for the corresponding values of flow rate and discharge pressure obtained from curve fitting. 
** The errors obtain from 𝐸𝑟𝑟𝑜𝑟 (%) =
𝑋2−𝑋1
𝑋1
100 
*** The errors obtain from 𝐸𝑟𝑟𝑜𝑟 (%) =
𝑋3−𝑋1
𝑋1
100 
3.2.3 Test #3, April 2, 2015 
In this test, the Worthington pump ran for approximately half an hour, and the Grundfos pump ran 
for one hour. 
Figure 66 shows the power consumption of the Worthington pump when the vent condenser was 
off. The average power consumption for the Worthington pump was 3.934 kW for the specified 
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Figure 66: Worthington pump power consumption on April 2, 2015 (Case 2, Test #3) 
Figure 67: Grundfos pumps’ power consumption on April 2, 2015 (Case 2, Test #3) 
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time. Even though there was a savings in the power consumption in this case when running the 
Worthington pump without having the vent condenser, this saving was not comparable to that of 
the Grundfos pumps when running in level control mode, shown in Fig. 67. 
 
 
 
 
  
 
 
 
 
 
 
  
Figure 67 shows a similar scenario to that previously discussed. Power consumption peaked when 
the Grundfos pumps tried to return the water level in the DA tank to the set point of 52% (see the 
discussion of Fig. 41 for more information). However, the average power consumption was 
significantly lower than that of the Worthington pump. The average power consumption of the 
Grundfos pumps was 1.619 kW during approximately one hour on April 2, 2015.  
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Figure 69: Grundfos pumps’ flow rate on April 1, 2015 (Case 2, Test # 3) 
Figure 68: Worthington pump and recirculation flow rates on April 2, 2015 (Case 2, Test #3) 
When looking at Fig. 68, it can be seen that the Worthington pump’s flow rate was similar to that 
of the test made on April 1. Therefore, the power consumption was also almost the same. Again, 
the recirculation line flow rate experienced the same problem that was explained with regard to 
Fig. 63.  
   
 
 
 
  
 
The average flow rate of the Worthington pump was 71.15 GPM. Following the same procedure 
as discussed for the Test made on April 1 in calculating the average flow rate in the recirculation 
line, that average was found to be 9.88 GPM for the first ten minutes as compared to the overall 
average flow rate of 7.282 GPM for thirty minutes. Therefore, the total average flow rate was 
computed as 71.15+9.88 = 81.03 GPM. 
 
 
 
 
 
127 
 
10
15
20
25
30
35
40
45
50
55
9:14 9:21 9:28 9:36 9:43 9:50 9:57 10:04 10:12 10:19 10:26 10:33 10:40 10:48 10:55 11:02 11:09 11:16
P
 (
P
SI
G
)
t  (hh:mm)
Grundfos Worthington
Figure 70: Worthington pump and Grundfos pumps’ discharge pressure on April 2, 2015 (Case 2, Test # 3) 
The average flow rate of the Grundfos pumps was 77.94 GPM over one hour of operation. In Fig. 
70, the discharge pressure for both pumps shows how the system pressure was relatively low when 
the Grundfos pumps were running on level mode. 
  
 
 
 
 
  
The average discharge pressure of the Worthington pump and Grundfos pumps was 48.8 PSIG and 
14.98 PSIG, respectively.  
When using the average flow rate and discharge pressure of the Worthington pump for its pump 
performance curve, it was found that the Worthington pump was consuming 5.2 HP (3.877 kW) 
at that operation point.  That means the power consumption from the curve was 1.44% lower than 
the recorded value (3.934 kW). That might be because the Worthington pump was “old”. Using 
the same performance curve to obtain the pump efficiency, the pump part of the system efficiency 
was found to be 40%. Therefore, the overall efficiency can be found by considering the pump’s 
motor efficiency of 87.5%. Therefore, the overall pump and motor efficiency was 35%. The 
recorded data gave a power consumption, when using Eq. (18), equal to 5.6 HP (4.175 kW). This 
theoretical power consumption was 6.12% greater than the recorded value (3.934 kW). Again, that 
might be justified by assuming that the inlet pressure was more than the assumed value of 7 PSIG. 
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The Grundfos pumps’ efficiency in this test was much easier to determine since the PC-Tools 
software recorded the data so as to find a flow rate and discharge pressure at exactly the same time. 
Therefore, in order to determine the Grundfos pumps’ efficiency in these tests, three operating 
points were selected at different times on the increasing curve of  a pulse [of Figs. 67, 69, and 70] 
and analyzed in order to calculate the Grundfos pumps efficiency as shown in Table 7. A negative 
sign in the error column means that the calculated value is less than the recorded value.   
Table 7: Power consumption comparison for the Grundfos pumps (Case 2, Test #3) 
Time 
Flow 
Rate 
(GPM) 
Discharge 
Pressure 
(PSIG)* 
Recorded 
power 
consumption 
(kW) 
(X1) 
Pump & 
Motor 
Efficiency 
from 
Pump 
Curve 
(X2) 
Power 
Consumption 
from Pump 
Curve (kW) 
(X3) 
Error** 
Power 
Consumption 
Obtained from 
Eq.(18) 
Error*** 
10:08:04 92.90 15.896 1.4 49.8% 1.32 5.71% 1.14 18% 
10:09:00 236.43 22.785 5.5 41.5% 5.77 -4.9% 5.2 -5.4% 
10:09:15 263.73 24.453 7.1 39.4% 7.27 -2.39% 6.597 7% 
* The discharge pressure used in Eq. (18) was the differential discharge pressure and not the total head developed by the pump. The inlet 
pressure was assumed to be 1.8 PSIG.  
** See Table 6. 
*** See Table 6. 
3.2.4 Test #4, April 9, 2015 
In this test, the Worthington pump ran first for one hour, then the Grundfos pumps took over the 
work for another one and a half hours.   
As discussed previously regarding Fig 41, the Time Integral (Ti) of the Grundfos pumps had been 
selected as 2 seconds. However, in this test, Ti was changed to 1.5 seconds. That made the 
Grundfos pumps even more sensitive to any change in the water level in the DA tank. In other 
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Figure 71: Water level in the DA tank vs. the set point while running Grundfos pumps (Case 2, Test # 4) 
words, if the water level decreased below the set point of 52%, the Grundfos pumps sped up faster 
than for the previous tests. This change was made in order to keep the water level in the DA tank 
nearly the same as the set point. However, this goal was not met. The result from this test was that 
there were fewer peaks. Also, the water level did not fall below the 50%, as compared to the other 
tests (see Fig. 41). This is because the pumps were more sensitive and did not let the water level 
drop below 50% as shown in Fig. 71. 
 
 
  
  
 
  
 
 
 
The water level was high when the Grundfos pumps started because the Worthington pump ran 
before the Grundfos pumps. Therefore, the Grundfos pumps were attempting to drop the water 
level back to the set point as shown at 11:02 in Fig. 71. 
Based on the data shown in Fig. 72, the average power consumption of the Worthington pump was 
3.99 kW for one hour of operation, which is same power consumption as for the first three tests. 
130 
 
3.5
3.6
3.7
3.8
3.9
4
4.1
4.2
4.3
9:18 9:23 9:28 9:33 9:38 9:43 9:48 9:53 9:58 10:03 10:08 10:13 10:18 10:23
Ẇ
( 
k
W
)
t (hh:mm)
0
1
2
3
4
5
6
7
8
9
10
10:56:27 11:10:51 11:25:15 11:39:39 11:54:03 12:08:27 12:22:51 12:37:15
Ẇ
( 
k
W
)
t  (hh:mm)
Figure 72: Worthington pump power consumption on April 2, 2015 (Case 2, Test # 4) 
Figure 73: Grundfos pumps’ power consumption on April 9, 2015 (Case 2, Test # 4) 
The average power consumption of the Grundfos pumps was 1 kW (Fig. 71) for the same operation 
time as the Worthington pump. The Grundfos pumps’ power consumption was lower because the 
required flow rate was lower in this test. 
  
 
 
 
 
 
 
 
 
 
  
  
The Worthington pump flow rate was the same as for the flow rate tests shown in Figs. 63 and 68. 
That is because the weather was not cold and did not change during the days when the data was 
gathered. The average flow rate of the Worthington pump was 70.42 GPM (Fig. 74); and the 
recirculation line flow rate was fairly constant at 10 GPM displayed on the Siemens flow meter. 
However, because of the data acquisition problem which showed that the recorded recirculation 
flow rate drop with time, the flow in the recirculation line dropped from 10 GPM to almost zero 
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Figure 75: Grundfos pumps’ flow rate on April 9, 2015 (Case 2, Test #4) 
Figure 74: Worthington pump and recirculation water flow rates on April 2, 2015 (Case 2, Test # 4) 
exactly at 10:13 in Fig. 74. However, by taking only the first five minutes of recirculation flow 
rate data in the Fig. 74, the average recirculation line flow rate was 9.21 GPM. Therefore, the total 
average flow rate was 79.63 GPM, including only the first five minutes of recorded recirculation 
flow rate.    
  
 
 
 
 
 
 
  
The Grundfos pumps’ flow rate followed the same fluctuating behavior as for the previously 
discussed tests even though the response time (Ti) had been changed. Most noticeable in Fig. 75 
was that the number of the relatively small peaks increased, and the number of large flow rate 
peaks decreased.  
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Figure 76: Worthington pump and Grundfos pumps’ discharge pressure on April 9, 2015 (Case 2, Test #4) 
Again, the recirculation line was closed when the Grundfos pumps ran, so that all of the flow 
moved into the DA tank. The average flow rate of the Grundfos pumps was 65.2 GPM for the 
specified time in Fig. 75. 
 
 
 
  
 
 
  
In Fig. 76, the average discharge pressure of the Worthington pump was 49.13 PSIG for the 
specified time, while the average discharge pressure of the Grundfos pumps was 13.83 PSIG. 
Lastly, when comparing the recorded power consumption of the Worthington pump with that given 
in its performance curve (operating point plotted by using the recorded average flow rate and 
discharge pressure) the pump curve showed that the power consumption was 5.12 HP (3.817 kW). 
That is approximately 4.3% lower than the recorded value of 3.99 kW. Again, one must consider 
the pump’s age that may have caused the pump to consume a little more energy. The pump 
efficiency was exactly 40%, obtained from the Worthington pump performance curve (Appendix 
A1). Therefore, the overall system efficiency was 35%. Using Eq. (18), the computed Worthington 
pump power consumption was 5.59 HP (4.168 kW), about 4.46% higher than the recorded value. 
Even though the power consumption obtained from Eq. (18) (4.168 kW) was higher than the 
133 
 
recorded power consumption (3.99 kW), the calculated error (4.46%) is in the acceptable range 
±10%.  
In order to compare the Grundfos pumps’ recorded power consumption with that calculated 
theoretically, same process was followed as was done in Test # 3. Again, PC-Tools provided the 
ability to find more than one operating point exactly at the same time as shown in Table 8. Where 
the negative sign in the error column means that the calculated value is less than the recorded 
value. The operating points were taken at different times in order to examine the pumps’ 
performance over a wide range of time. 
Table 8: Power consumption comparison for the Grundfos pumps (Case 2, Test #4) 
Time Flow 
Rate 
(GPM) 
Discharge 
Pressure 
(PSIG)* 
Recorded  
Power 
Consumption 
(kW) 
Pump& 
Motor 
Efficiency 
from Pump 
Curve 
Power 
Consumption 
from Pump 
Curve (kW) 
Error** Power 
Consumption 
Obtained from 
Eq. (18) 
(kW) 
Error*** 
11:28:24 75.73 12.763 0.9 46% 0.935 -3.88% 0.785 -12.7% 
12:12:59 77.49 13.604 0.9 46.8% 1 -11.11% 0.85 5.5% 
11:51:01 143.53 15.693 2.1 47.5% 2.08 - 0.95% 1.82 - 13.3% 
* The discharge pressure used in Eq. (18) was the differential discharge pressure and not the total head developed by the pump. The inlet 
pressure was assumed to be 1.8 PSIG.  
** See Table 6. 
*** See Table 6. 
In conclusion, the power consumption obtained from the sensors of the Worthington pump and 
Grundfos pumps showed reasonable comparisons to their equivalent values found from pump 
performance curves in Appendix A (A1 and A2). Therefore, the recorded power consumption can 
be used in estimating the annual energy consumption as part of the total costs of the LCCA for 
each pump, so that the result can help to determine the most cost effective pumping system. 
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According to Tests 2, 3 and 4, the Grundfos pumps’ discharge pressure was 16.13, 14.98, and 
13.83 PSIG, respectively. Those pressures were too low to achieve the required discharge pressure 
for the vent condenser at point A (~28 PSIG from Appendix E3 calculations for Worthington 
pump). See Fig. 45 and Section 2.3.3 for pressure drop calculations. Therefore, in these tests, the 
Grundfos pumps were unable to lift the water to the vent condenser. 
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Chapter 4: Life Cycle Cost Analysis 
4.1 Pumps Life Cycle Analysis 
The LCCA discussed in Section 2.4 was implemented using the BLCC5 software downloaded 
from DOE [36]. Two LCCAs were carried out, one for Case 2 (Section 3.2) and the second for the 
vent condenser (Section 2.3.2.1), in order to determine savings from using the variable speed 
pumps and the vent condenser. For Case 1, the Grundfos pumps ran at constant discharge pressure 
and the Worthington pump ran normally; and the flow for both was controlled by the regulator 
valve (control valve). Therefore, the Grundfos pumps were emulating the Worthington pump’s 
work which gave little opportunity for the Grundfos pumps to save energy. However, Case 1 was 
presented so that an overview of the two pumps types’ performance could be examined and 
analyzed in order to have a knowledgeable background of the two pump types when running at 
fairly constant discharge pressure. 
In this project, data for average power consumption was not taken for all months in the year. 
Therefore, an estimate had to be made in order to predict the power consumption in those months 
for which the data was not available. This estimate was based on the principle that the power 
consumption is directly related to the amount of condensate water supplied [10]. The condensate 
water supplied by the pumps is almost the same as the steam generated by the steam power plant’s 
boilers. The boilers’ blowdown is not considered in this calculation because no flow meter was 
installed to measure the boiler blowdown flow rate, and this flow is considered to be small. The 
boilers’ blowdown is important because not all of the condensate water supplied by the pumps is 
converted to steam; but some small portion of that condensate water becomes blowdown from the 
boilers. The other factor not considered was varying pump efficiency (see Eq. (13)). The pumps’ 
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efficiencies were assumed not to change when supplying condensate water to the DA tank. This 
assumption was true for the Worthington pump (see Section 3.2) because the Worthington pump’s 
efficiency did not change significantly during the days on which data was gathered. However, the 
Grundfos pumps’ efficiency changed because these pumps were not supplying a constant flow 
rate. Their flow rate varied corresponding to water level in the DA tank. Moreover, the overall 
pumps’ average efficiency was not easily determined because data was not gathered at equal 
intervals by PC-Tools. 
The arithmetic average of the power consumption data taken for the Worthington pump was used 
for the average energy consumption of this pump because the data was taken at equal time 
intervals. On the other hand, a time-weighted calculation was used to find the average power 
consumption of the Grundfos pumps because the data was taken over varying intervals of time, as 
discussed in Section 2.3. 
In order to calculate the average annual energy consumption using only the data taken for certain 
days, the power consumption for the month in which the data was gathered was predicted as 
follows. If the steam generated for the days on which the data was collected within was within 
10% of the average steam generated in that month, then the average energy consumption (kWh) 
of that month was obtained by multiplying that month’s total hours by the average power 
consumption for the days with known energy consumption [10]. Otherwise, daily average energy 
consumption was estimated by [10]. 
𝐸𝑝 (𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐷𝑎𝑦)(𝑘𝑊ℎ) = 𝐸𝑝( 𝐾𝑛𝑜𝑤𝑛 𝐷𝑎𝑦)(𝑘𝑊ℎ)
𝑆𝐺  (𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝐷𝑎𝑦) (𝑙𝑏)
𝑆𝐺  (𝐷𝑎𝑦 𝑤𝑖𝑡ℎ 𝑘𝑛𝑜𝑤𝑛 𝐸𝑝) (𝑙𝑏)
                                           (20) 
After finding the estimated month’s energy consumption by summing the daily energy 
consumption for that month, as shown in Eq. (20), the estimated energy consumption for that 
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month was used to determine the energy consumption of the months of the year [10] for which no 
energy consumption data was available. 
The procedure for estimating monthly energy consumption was similar to the daily energy 
consumption estimation. The monthly average energy consumption can be found from [10] 
𝐸𝑝 (𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑜𝑛𝑡ℎ)(𝑘𝑊ℎ) = 𝐸𝑝  (𝐾𝑛𝑜𝑤𝑛 𝑀𝑜𝑛𝑡ℎ) (𝑘𝑊ℎ)
𝑆𝐺(𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑜𝑛𝑡ℎ)  (𝑙𝑏)
𝑆𝐺 (𝑀𝑜𝑛𝑡ℎ 𝑤𝑖𝑡ℎ 𝐾𝑛𝑜𝑤𝑛 𝐸𝑝) (𝑙𝑏)
                                    (21) 
That procedure was followed for both pump types in Case 2 in order to have the monthly energy 
consumption for the entire year. The estimated annual energy consumption was achieved by 
simply adding the 12 months’ energy consumption of each pump. After calculating the estimated 
energy consumption for each pump using the approach discussed above, the estimated annual 
energy consumption was input into the BLCC5 software for the Worthington and Grundfos pumps 
in order to have the total LCC for each pump separately. See Appendix H for annual energy 
consumption calculations [10].   
The water cost that was used was the BLLC5 software was divided into water consumption in the 
summer and water consumption in the winter. The power plant has all of the information regarding 
the amount of water purchased from the City of Lawrence every month. Therefore, the water usage 
from April through September was assumed to be summer time, and the water usage from October 
through March was assumed to be winter time [10]. The same water usage was applied for each 
pump since there was no difference in water usage between the two pumps; and the water usage 
mainly depended on the demands and the losses in the steam cycle. All of the information required 
in the LCC analysis was discussed in Section 2.4. However, one must realize that the only 
differences between the pumps types’ costs were the energy expenditures, initial costs and the 
impeller replacement costs (which was higher for the Grundfos pumps than for the Worthington 
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pump). The other costs, such as water consumption, mechanical seal replacement, and mechanical 
seal to be purchase price, were considered to be the same for each pump type. 
4.1.1 Case 1 
In Case 1, the control valve regulated the flow rate to the DA tank. The control valve throttled the 
flow. This process created fairly high back pressure that was enough to have condensate water 
reach the vent condenser. Therefore, the steam power plant was able to benefit from recovery of 
the condensing steam’s and non-condensable gases’ energy in the vent condenser. The data that 
was gathered showed that the Worthington pump provided less water to the system at a lower 
pressure than did the Grundfos pumps because the external temperature was colder during the 
Grundfos pumps’ operation time period than during the Worthington pump’s operation time 
period. That was true for Case 1, Test #1. Then Test #2 showed that, even though the two pump 
types were being compared for doing approximately the same task, the Grundfos pumps were not 
able to save energy. They consumed 13.181% more energy (0.675 kW) than the Worthington pump 
(5.121 kW).  
In Case 1, the discharge head provided by the Grundfos pumps was fixed because they were 
running in pressure control mode. Therefore, the Grundfos pumps provided a varying flow rate; 
but the discharge head was constant. On the other hand, the Worthington pump provided both 
varied flow rate and discharge head. Thus, depending on the outside temperature, when the steam 
demand was high, the Worthington pump provided a high flow rate with the designed discharge 
head at that flow rate. However, under the same conditions, the Grundfos pumps provided high 
flow rate and a relatively higher discharge head than the Worthington pump. In conclusion, the 
comparison should be made on the same day under the same operating conditions so that both 
types of pumps could be compared on the same basis. Therefore, Case 1 was not suited for 
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performing a comparative LCCA. However, Case 1 is presented in this thesis in order to have an 
overview as to how the Grundfos pumps functioned when they were running in discharge pressure 
control mode. 
4.1.2 Case 2   
In Case 2, both the Grundfos and the Worthington pumps were running to feed the DA tank with 
the condensate water on the same day during consecutive operating time periods. The Grundfos 
pumps were running in level control mode. The vent condenser was isolated from the system due 
to the low discharge head provided by the Grundfos pumps when running in level control mode 
(see Section 3.2). The power consumption information for Case 2 was taken in March and April 
of 2015. However, there was no full information of the steam production for the whole month of 
April, 2015 because this thesis was written in mid-April of 2015. Therefore, the generated steam 
information was only available for about half of April of 2015. Thus, the total average steam 
production of April of 2014 was used in order to calculate the annual energy consumption from 
the months for which no power consumption was recorded (see Eq. (21) and Appendix H).   
When comparing the steam production of March 11 with average steam generated in that month, 
it was found that the steam production for this day (709,900 lbs) was lower than the average steam 
production of the whole month (884,465 lbs). A daily energy consumption calculation was 
necessary in order to estimate the energy consumption on March days for which steam 
consumption was not available. The energy consumption for March of 2015 was used to estimate 
the energy consumption of the months in which the temperature was cold (November – March), 
while the April of 2014 estimated energy consumption was used to estimate the energy 
consumption for the hot months (April – October). See Appendix H for detailed results of these 
estimates. 
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Figure 77: Monthly energy consumption of Worthington pump vs. Grundfos pumps 
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According to the estimated energy consumption calculations presented in Appendix H, it was 
found that there was significant energy consumption savings when using the Grundfos pumps as 
compared to the energy consumption of the Worthington pump. See Fig. 77 for the estimated 
monthly energy consumption of the Worthington pump and the Grundfos pumps. 
  
 
 
 
  
 
   
 
 
The annual energy consumption was 38,693.71 kWh (valued at $2,847.85 for 2014) for the 
Worthington pump while the annual energy consumption was 13,987.98 kWh (valued at $1,029.51 
for 2014) for the Grundfos pumps. The projected 20 year present value of the energy consumption 
cost for this LCCA was $44,891 for the Worthington pump. On the other hand, the present value 
for 20 years of energy consumption cost was $16,228 for the Grundfos pumps. According to the 
LCCA, the present value of the 20 years of net savings from running the Grundfos pumps in level 
control mode was $28,663 in energy costs as compared to the Worthington pump (see Appendix 
I). 
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The present value of all LCCs for 20 years was $497,776 for the Worthington pump, and the 
present value of total LCC for the Grundfos pumps was $472,358. The water usage for both pumps 
was assumed to be the same for each summer and each winter of the 20 years. Based on the data 
available, it was assumed that the steam power plant consumed 2,449,270 gallons in the summer 
and 4,665,930 gallons in the winter. Therefore, the present value of the water consumption cost 
for 20 years was $412,870. Again, this value was the same for the Worthington pump and the 
Grundfos pumps because they were assumed to consume the same amount of water. The overall 
savings from running the Grundfos pumps in level control mode for 20 years, including all other 
costs, was $25,418. However, Case 2 did not consider the vent condenser energy impact that will 
be presented in next section. See Appendix I for the LCC reports. 
4.2 Vent Condenser LCC 
The previous section computed savings when both pump types were not providing water to the 
vent condenser. Therefore, the opportunity to reclaim the energy in the escaping non-condensable 
gases was not available. 
Based on the energy calculations in Appendix D, the steam power plant would save 8,332,024,923 
BTU (equivalent to 8,179,879.17 ft3 of natural gas) from having the vent condenser running for 
one year. That tremendous amount of energy would be released to the atmosphere if the pumps 
were not providing water to the vent condenser. Based on that amount of estimated annual energy 
lost, the 20 year present value of the energy lost was $846,925. Therefore, after taking all of the 
20 year costs that the steam power plant would have to pay for maintenance and purchasing the 
vent condenser, the vent condenser would save the steam power plant $812,574. One might notice 
that the savings from using the vent condenser far surpasses the savings from having the Grundfos 
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pumps running in level control mode. That level of savings from the vent condenser would leave 
no option to have the vent condenser turned off. See Appendix J for the vent condenser’s LCCA. 
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Chapter 5 
Summary 
 The Grundfos pumps were configured to provide water to the DA tank in level control mode 
without having problems of back flow and steam hammering. The minimum performance of 
the Grundfos pumps was carefully adjusted in order to have the pumps run at 42% of their full 
speed in order to meet the DA tank’s demand flow rate. The pump controller’s integral time (2 
sec) was selected in order to run the pumps with a moderate sensitivity so as not to overshoot 
the water level in the DA tank. 
 Pressure drop calculations were performed using all pipe friction equations in order to estimate 
the required pressure at point A in order to have the water lifted to the vent condenser (see Fig. 
45); and the pressure at point A (see Fig. 45) was found to be 28 PSIG at a total Worthington 
pump flow rate of 214.7 GPM and a discharge pressure of 36.56 PSIG. 
 Two case studies were presented. In Case 1, both the Grundfos and the Worthington pumps 
were running to provide the condensate water to the DA tank and the vent condenser. Case 2 
was devised to have the two pump types running to provide the water to the DA tank only. The 
recorded power consumption showed that the Worthington pump was consuming more power 
(2.398 kW in Case 2, Test #1) than the Grundfos pumps, which were running in level control 
mode.  
 LCCA was performed for Case 2 in order to determine the energy savings when running the 
Grundfos pumps in level control mode without having the control valve regulate the flow. The 
Grundfos pumps’ savings was $25,418 for 20 years. 
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 LCCA was performed for the vent condenser in order to calculate the reclaimed energy savings 
that it provides for the steam power plant. The vent condenser savings over-shadowed the 
savings of the Grundfos pumps when running in level control mode. The vent condenser 
savings was $812,574 for 20 year. 
Conclusions 
In Case 2, the Grundfos pumps showed a significant energy consumption savings (running in level 
control mode to provide condensate water to the DA tank only). On the other hand, the 
Worthington pump was unable to save a noticeable amount of energy even when it only provided 
condensate water to the DA tank. Therefore, the Grundfos pumps were more beneficial in saving 
energy when the demand flow rate and pressure discharge head decreased. The total 20 years 
energy costs for the Grundfos pumps running in level control mode was $16,228, and, for the same 
task, the Worthington pump’s 20 year energy cost was $44,891. The total 20 year LCC for the 
Worthington pump and the Grundfos pumps was $497,776 and $472,358, respectively. Therefore, 
the Grundfos CRE 15-3 was able to save $25,418 in 20 years. This savings is relatively low for a 
life span of 20 years. 
The Grundfos pumps were only able to provide the water to the DA tank in the steam power plant 
when they ran in level control mode, and the vent condenser was isolated from the system. That 
caused the steam power plant to be unable to reclaim the energy escaping with the non-condensable 
gases. This caused the steam power plant to lose the vent condenser’s energy savings of $812,574 
in 20 years.  
When running in level control mode, the Grundfos pumps’ reaction to a water level change is not 
appropriate. That reaction causes the pumps increase their speed up to 100% of full speed. 
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Therefore, the pumps consume too much energy. In addition, the pumps supply a high flow rate to 
the DA tank, which requires a fairly steady flow rate so that the bled steam has the time to heat 
and dearate the condensate water. 
The energy consumption of Worthington pump was found to be less than the energy consumption 
of Grundfos pumps in Case 1, Test #1. The Grundfos pumps consumed 8.433 kW while the 
Worthington pump consumed 5.567 kW, even though they were doing the same task (providing 
the condensate water to the DA tank and the vent condenser). However, the Grundfos pumps 
provided a relatively higher discharge pressure than the Worthington pump. The Grundfos pumps 
were set to provide constant discharge pressure of 43 PSIG while the Worthington pump could run 
at varied discharge pressures (see Fig. 49). Thus, the Grundfos pumps consumed more energy than 
the Worthington pump.   
Again, the DA tank requires a steady flow rate so that the bled steam from the boilers has the time 
to heat and dearate the condensate water. The Worthington pump with a control valve regulator 
provides a smooth flow rate as compared to the Grundfos pumps’ flow rate when running in level 
control mode (see Figs. 63 and 64). Thus, the Worthington pump is preferable for KU’s steam 
power plant applications over the Grundfos pumps [when they run in level control mode].  
Recommendations for Future Work 
 This study shows appreciable energy savings from the vent condenser. Therefore, installing 
a new vent condenser next to the boiler blowdown heat recovery system is beneficial in 
order to help increase the make-up water temperature. Hence, the water temperature in the 
storage tanks will increase.    
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 Another vent condenser can be installed next to the one on the first floor in order to capture 
more energy from the non-condensable gases.  
 Change the Grundfos pumps’ minimum performance to the situation wherein the two 
pumps run at 42% of their full speed so that more consistent flow can reach the DA tank. 
Therefore, there should be no sudden drop in the water level in the DA tank. However, one 
must be careful not to over fill the DA tank when the steam demand decreases. 
 Run the Grundfos pumps at a lower pressure in pressure control mode, especially in the 
summer. Therefore, the control valve should waste less energy under such operating 
conditions. In addition, energy savings can be achieved since pressure directly affects the 
energy consumption (see Eq. 18). This type of operation condition cannot be performed 
with the Worthington pump. 
 The steam power plant’s boilers run at a pressure of 170-175 PSIG. However, the boiler 
feed pumps provide pressures up to 350 PSIG. Therefore, another energy savings potential 
can be investigated by replacing the existing constant speed boiler pumps with variable 
speed pumps. A simulation study can be performed in order to investigate the energy 
savings from replacing the constant speed boiler feed pumps with variable speed pumps.  
 In order to have the Grundfos pumps be able to feed the vent condenser when running in 
level control mode, the best option would be to have the vent condenser installed in the 
basement. Consequently, the extra 28 PSIG of discharge pressure would not be necessary 
to lift the water to the current vent condenser location (on the first floor). 
 The steam power plant could have a pump installed at point A (see Fig. 45) with a rated 
efficiency of 70% and provide a flow rate of 82 GPM. Using Eq. (18) to calculate the 
required power to run this pump, this pump would consume another 1.913 HP (1.426 kW). 
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Hence, more power would be consumed in addition to the Grundfos pumps running in level 
control mode (1.592 kW) as well as the extra pump’s maintenance. Therefore, from the 
energy consumption point-of-view, the total energy consumption of the two pumps would 
be 3 kW. However, even though the total energy consumption would increase, the 
suggested pump would help to lift condensate water to the vent condenser to reclaim the 
energy lost from the non-condensable gases. The two pumps would consume 24.8% less 
energy (0.99 kW) than the Worthington pump (3.99 kW).  
 When the Grundfos pumps run in level control mode, another flow meter could be installed 
that measures the exit flow from the DA tank and signals the Grundfos pumps to supply 
the same flow rate that exits from the DA tank. Thus, with this configuration the pumps 
would not provide a wave-like flow rate to the DA tank.  
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Appendix A: All Pumps Curves and Specifications 
A1. Worthington D-824 Constant Speed Pump Curves  
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A2. Grundfos CRE 15-3 Variable Speed Pumps Curves  
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A3. CR10-16 Pump Curves and Specifications  
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Appendix B: All Measuring Devices Used in the Project 
B1. Mastech HY3003D Power Supply 
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B2. HOBO H12-006 Data Logger 
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B3. Danfoss Pressure Transducer 
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B4. Omega Pressure Sensor (PX43E0-200GI) 
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B5. Grundfos Differential Pressure Sensor 
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B6. Siemens Flow Meter and Transmitter 
 
  
178 
 
 
  
179 
 
 
  
180 
 
B7. Cadillac Magnetic Flow Meter 
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B8. Omega FMG3002-PP Magnetic Flow Meter 
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B9. Suresite Level Transducer and Visual Indicator 
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B10. Power Monitor Sensor 
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Appendix C: Calibration Data 
C1. Cadillac Magnetic Flow Meter Calibration 
The Cadillac Magnetic flow meter (CMAG series) was calibrated based on the Omega magnetic 
flow meter (FMG3002-PP) that has an accuracy of ±0.5% of reading. 
 Table C1.1: Cadillac flow meter calibration results 
 
 
 
 
 
 
 
 
 
 𝑂𝑣𝑒𝑟𝑎𝑙𝑙 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐸𝑟𝑟𝑜𝑟 =  
∑ 𝑒𝑟𝑟𝑜𝑟 𝑜𝑓 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒𝑠
𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑟𝑟𝑜𝑟𝑠
                                            (𝐶1.1) 
The Cadillac flow meter’s reading was lower than that of the Omega flow meter by an overall 
average error 5.33%. The average errors of Cadillac flow meter shown in Table C1.1 were 
Flow Rate (GPM) (nominal) Average Error (%) Standard Deviation (σ) 
(GPM) 
80 5.31 0.92 
75 5.36 0.89 
70 5.12 0.98 
65 5.27 0.74 
60 5.40 0.60 
55 5.46 0.67 
50 5.11 1.08 
45 4.70 1.15 
40 4.97 0.68 
35 5.03 0.81 
30 6.14 1.49 
25 6.20 1.20 
20 5.22 1.38 
Overall Average Error                          5.33  
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calculated for different flow rates in order to find the error in the Cadillac flow meter readings over 
a wide range of flow rates from 20 GPM to 85 GPM. For each flow rate, the data was gathered for 
10-15 minutes, then the total error in the readings was calculated using Eq. (C1.2). 
𝐸𝑟𝑟𝑜𝑟 (%) = 100
√
∑ (
𝑂𝑚𝑒𝑔𝑎 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 − 𝐶𝑎𝑑𝑖𝑙𝑙𝑎𝑐 𝑟𝑒𝑎𝑑𝑖𝑛𝑔
𝑂𝑚𝑒𝑔𝑎 𝑟𝑒𝑎𝑑𝑖𝑛𝑔
 )2𝑌𝑖=1
𝑌
                           (𝐶1.2) 
C2. Siemens Magnetic Flow Meter #1 Calibration  
This magnetic flow meter (Model 3100) recoded the flow rate of the Worthington constant speed 
pump. This calibration was based on the Omega magnetic flow meter (FMG3002-PP) that has an 
accuracy of ±0.5% of reading. 
 Table C2.1: Siemens flow meter #1 calibration results, Test #1 
Flow Rate (GPM) (nominal) Average Error (%) Standard Deviation (σ) (GPM) 
85 2.31 0.79 
80 2.60 0.73 
75 3.03 0.92 
70 3.13 1.04 
65 2.12 0.94 
60 2.19 1.65 
55 1.85 1.11 
50 2.17 1.82 
45 2.51 1.64 
40 2.06 1.21 
35 1.81 1.32 
Overall Average Error 2.22  
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The average errors of Siemens flow meter #1, shown in Table C2.1, were calculated for different 
flow rates in order to find the error in Siemens flow meter #1 readings over a wide range of flow 
rates from 35 GPM to 85 GPM. For each flow rate, the data was gathered for 10-15 minutes, then 
the total error of readings was calculated using Eq. (C2). 
𝐸𝑟𝑟𝑜𝑟 (%) = 100
√∑ (
𝑂𝑚𝑒𝑔𝑎 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 − 𝑆𝑖𝑒𝑚𝑒𝑛𝑠 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 
𝑂𝑚𝑒𝑔𝑎 𝑟𝑒𝑎𝑑𝑖𝑛𝑔
 )
2
𝑌
𝑖=1
𝑌
                                          (𝐶2) 
 Table C2.2: Siemens flow meter #1 calibration results, Test #2 
Flow Rate (GPM) (nominal ) Average Error (%) Standard Deviation (σ) 
(GPM) 
85 2.54 0.90 
80 2.91 0.80 
75 2.78 0.86 
70 2.62 0.68 
65 2.36 0.70 
60 1.77 0.77 
55 1.61 0.90 
50 2.29 1.56 
45 2.47 1.65 
40 1.77 1.24 
35 1.31 
1.11 
Overall Average Error 2.34%  
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The average errors of Siemens flow meter #1 shown in Table C2.1 was calculated for different 
flow rates in order to find the error in the Siemens flow meter #1 readings over a wide range of 
flow rates from 35 GPM to 85 GPM. For each flow rate, the data was gathered for 10-15 minutes, 
then the total error in the readings was calculated using Eq. (C2).  
C3. Siemens Magnetic Flow Meter #2 Calibration  
This magnetic flow meter (Model 3100) recorded the flow rate of the Grundfos variable speed 
pumps. This calibration was based on the Omega magnetic flow meter (FMG3002-PP) that has an 
accuracy of ±0.5% of reading. Even though this flow meter was not used to measure the flow rate 
of the Grundfos pumps (the Grundfos pumps’ information was taken from the PC-Tools), the 
calibration was performed. 
Table C3.1: Siemens flow meter #2 calibration results 
Flow Rate (GPM) (nominal) Average Error (%) Standard Deviation (σ) (GPM) 
85  1.36 0.85 
80 1.77 0.88 
75  2.00 0.91 
70 1.07 0.79 
65 1.19 1.11 
60 1.26 1.09 
55 2.09 1.46 
50 2.12 1.93 
45 1.45 1.23 
40 2.24 0.86 
35 2.01 0.96 
Overall Average 1.69  
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The average errors of Siemens flow meter #2, shown in Table C3.1, were calculated for different 
flow rates in order to find the error of the Siemens flow meter #2 readings over a wide range of 
flow rates from 35 GPM to 85 GPM. For each flow rate, the data was gathered for 10-15 minutes, 
then the total error of the readings was calculated using Eq. (C2). 
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Appendix D: Vent Condenser Energy Gain Calculations 
 Average gas Lower Heating value (BTU/ft3) =1018.6 [55] 
Water density at 160 oF (lb/ft3) = 61 
Water specific heat at 160 oF (Btu/(lb.F)) =1.0004 
Temperature rise across the vent condenser (oF) =19 
Conversion factor of flow rate from GPM to ft3/sec =0.00228 
Example of calculating the natural gas savings from using the vent condenser 
in April of 2014 
 
In order to calculate the natural gas savings for the vent condenser, the energy gain in the 
condensate has to be calculated. 
Recall Eq. (10). In order to calculate the mass flow rate from pump discharge flow rate, Equation 
(D1) was used 
 
𝑚𝑤𝑎𝑡𝑒𝑟
𝑜 = 𝜌𝑤𝑎𝑡𝑒𝑟 𝑄                                                                                       (𝐷1) 
 
m𝑤𝑎𝑡𝑒𝑟
𝑜 =  61
𝑙𝑏
𝑓𝑡3
( 89.8)
𝑔𝑎𝑙𝑙𝑜𝑛
𝑚𝑖𝑛
 (0.00228)  
(min)(𝑓𝑡3)
(𝑠) (𝑔𝑎𝑙𝑙𝑜𝑛)
  (3600) 
𝑠𝑒𝑐
ℎ𝑟
 =  44961.7824 𝑙𝑏 ℎ𝑟  ⁄  
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From energy balance  
ℎ𝑛𝑜𝑛−𝑐𝑜𝑛𝑑.𝑔𝑎𝑠𝑒𝑠−𝑖𝑛 − ℎ𝑛𝑜𝑛−𝑐𝑜𝑛𝑑.𝑔𝑎𝑠𝑒𝑠−𝑜𝑢𝑡 =  ℎ𝑐𝑜𝑛𝑑.𝑜𝑢𝑡 − ℎ𝑐𝑜𝑛𝑑.𝑖𝑛                        (𝐷2) 
Equation (D2) shows the energy balance between the non-condensable gases energy and the condensate 
water energy, where the condensate water gain energy represents the vent condenser energy savings in Eq. 
(10).  
From Eq. (10) 
 𝐸𝑣𝑒𝑛𝑡 =  854615.575
𝐵𝑡𝑢
ℎ𝑟
 
 
Substituting into Eq. (12c): 
𝜂𝑏𝑜𝑖𝑙𝑒𝑟  =
𝐸𝑣𝑒𝑛𝑡
𝑚𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
𝑜  (𝐿𝐻𝑉 𝑓𝑢𝑒𝑙)
   100                                                               (𝐷3)  
where the unknown is the amount of natural gas saving (monatural gas ) 
𝑚𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
𝑜
 
=   
𝐸𝑣𝑒𝑛𝑡 
(𝜂𝑏𝑜𝑖𝑙𝑒𝑟) 𝐿𝐻𝑉 𝑓𝑢𝑒𝑙
=    927.494 
𝑓𝑡3
ℎ𝑟
                                                 (𝐷4)   
 
Vent Condenser 
hnon-cond. gases-out 
hnon-cond. gases-in 
hcond.in hcond.out 
Figure D1: Simple diagram of vent condenser energy balance 
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The daily natural gas savings from the vent condenser can be calculated by multiplying the hourly 
natural gas savings by the total hours of a day (24 hr/day). 
The natural gas savings for April of 2014 is obtained from  
    𝑚𝑛𝑎𝑡𝑢𝑟𝑎𝑙 𝑔𝑎𝑠
𝑜  (𝑓𝑟𝑜𝑚 𝑢𝑠𝑖𝑛𝑔 𝑡ℎ𝑒 𝑣𝑒𝑛𝑡 𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑟 𝑖𝑛 𝐴𝑝𝑟𝑖𝑙, 2014)    =  22259.857
𝑓𝑡3
𝑑𝑎𝑦
 (30
𝑑𝑎𝑦𝑠
𝑚𝑜𝑛𝑡ℎ  
 )  
 =  667,795.736 
𝑓𝑡3
𝑚𝑜𝑛𝑡ℎ 𝑜𝑓 𝐴𝑝𝑟𝑖𝑙
               
 
All other calculations were performed in an Excel sheet. These calculations are available in Ref. 
62. 
The boiler average efficiency can be found in Appendix F. 
 
 Table D1: Temperature rise across the vent condenser 
Vent condenser flow rate 
(GPM) 
∆T (oF) Date 
91 17.5 01/26/2015 
90 17.1 01/26/2015 
N/A 19 03/25/2015 
91.5 18 03/30/2015 
95 20 04/01/2015 
88.6 19 04/08/2015 
Average 18.4  
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The calculations showed that the pressure at Point B, P1’, was 6.43 PSIG (shown in Excel sheet 
above). 
Therefore, the pressure drop from points A to B was = 32.34 PSIG - 6.43 PSIG 
                                                                                     = 25.91 PSIG 
If the pressure required to move the water from point B to the storage tanks was 2 PSIG (see Fig. 
45), the pressure at point A needed to increase another 2 PSIG so that condensate water could be 
driven from point A to the storage tanks (see Fig. 45). As a result, the overall pressure from point 
A to the inlet of the storage tank was roughly 25.91 + 2 = 27.91 PSIG ≈ 28 PSIG. 
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Figure G1: Increasing part of the first peak of power consumption of Grundfos pumps in Case 2, Test #2 
(refer to Fig. 62 in main text for increasing peak) 
Appendix G: Grundfos Pumps Data Curve Fitting  
A curve fit was made for the recorded data for the Grundfos pumps in order to calculate the 
theoretical power consumption from the pump curves and Eq. (18). 
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Table G1: Grundfos pumps’ power consumption comparison with the 3rd order equation of Fig. 
G1 
Time Interval  (sec) Accumulated 
Time (sec) 
Recorded Values 
(kW) 
3rd Order Power Fit 
(kW) 
Error (%) 
0.00 0.000 0.800 0.764 4.463 
0.432 0.432 0.800 0.796 0.453 
0.604 1.036 0.900 0.846 6.047 
1.729 2.765 1.000 1.013 -1.334 
0.777 3.542 1.100 1.101 -0.102 
3.802 7.344 1.600 1.631 -1.907 
2.160 9.504 1.900 1.996 -5.077 
1.469 10.973 2.200 2.268 -3.107 
2.937 13.910 2.800 2.859 -2.118 
1.642 15.552 3.200 3.213 -0.397 
1.555 17.107 3.500 3.559 -1.700 
1.037 18.144 3.800 3.796 0.100 
3.197 21.341 4.600 4.545 1.186 
0.345 21.686 4.600 4.627 -0.598 
1.728 23.414 5.200 5.040 3.075 
1.210 24.624 5.400 5.329 1.306 
0.691 25.315 5.600 5.494 1.885 
1.469 26.784 5.900 5.843 0.961 
2.073 28.857 6.400 6.328 1.121 
1.124 29.981 6.600 6.586 0.212 
0.431 30.412 6.600 6.684 -1.266 
1.556 31.968 7.000 7.029 -0.419 
0.345 32.313 7.000 7.104 -1.492 
2.852 35.165 7.600 7.699 -1.307 
1.123 36.288 7.800 7.919 -1.525 
1.468 37.756 8.100 8.192 -1.130 
0.951 38.707 8.300 8.358 -0.705 
0.691 39.398 8.400 8.475 -0.889 
0.346 39.744 8.600 8.531 0.800 
1.296 41.040 8.800 8.732 0.768 
1.468 42.508 9.000 8.939 0.676 
0.778 43.286 9.100 9.039 0.671 
1.123 44.409 9.200 9.170 0.322 
 7.344 N/A 1.631  
 17.107 N/A 3.559  
 35.165 N/A 7.699  
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Figure G2: Increasing part of the first peak for Grundfos pumps’ flow rate in Case 2, Test #2 (refer to Fig. 
64 in main text for increasing peak) 
The increasing part of the first peak of power consumption lasted for 44.409 sec (see Fig. G1). 
Therefore, three points of time were selected in order to determine the Grundfos pumps’ efficiency. 
These points in time were 7.344 sec, 17.107 sec, and 35.165 sec.   
Flow Rate Curve Fitting 
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Table G2: Grundfos pumps’ flow rate comparison with the 3rd order equation of Fig. G2 
Time Interval  
(sec) 
Accumulated Time 
(sec) 
Recorded 
Values (GPM) 
3rd Order Flow Rate 
Fit (GPM) Error (%) 
0.432 0.000 72.207 74.666 -3.405 
0.432 0.432 76.610 75.289 1.724 
0.604 1.036 76.610 76.407 0.265 
1.729 2.765 82.774 81.100 2.022 
0.777 3.542 88.498 83.877 5.221 
3.802 7.344 104.348 102.467 1.802 
2.160 9.504 108.751 115.966 -6.634 
1.469 10.973 112.713 126.013 -11.800 
2.937 13.910 149.698 147.459 1.495 
1.728 15.638 168.190 160.487 4.580 
1.469 17.107 173.473 171.548 1.110 
1.037 18.144 179.197 179.251 -0.030 
3.197 21.341 206.935 201.775 2.493 
0.345 21.686 206.935 204.046 1.396 
1.728 23.414 217.061 214.785 1.049 
1.210 24.624 223.225 221.572 0.741 
0.691 25.315 227.188 225.136 0.903 
1.469 26.784 229.389 231.862 -1.078 
2.073 28.857 235.113 239.114 -1.702 
1.124 29.981 237.315 241.804 -1.892 
0.431 30.412 242.158 242.582 -0.175 
1.556 31.968 241.717 244.137 -1.001 
0.345 32.313 241.717 244.203 -1.028 
2.852 35.165 249.202 240.482 3.499 
 17.107  171.548  
 35.165  240.482  
 7.344  102.467  
 
The increasing part of the first peak of Grundfos pumps’ flow rate lasted for 35.165 sec (see Fig. 
G2). Therefore, three points in time were selected in order to determine the Grundfos pumps’ 
efficiency. These points in time were 7.344 sec, 17.107 sec, and 35.165 sec. These points were 
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P = - 0.0006 t3 + 0.0372 t2 - 0.0113t + 16.574
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Figure G3: Increasing part of the first peak for discharge pressure of Grundfos pumps in Case 2, Test #2 
(refer to Fig. 65 in main text for increasing peak) 
the same points taken for the power consumption curve fit (Table G.1) in order to have exactly 
the same operating points in time. Thus, the Grundfos pumps’ efficiency could be determined 
Discharge Pressure Curve Fitting 
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Table G3: Grundfos pumps’ discharge pressure comparison with the 3rd order equation of Fig. G3 
Time Interval  (sec) 
Accumulated Time 
(sec) 
Recorded Values 
(PSIG) 
3rd Order Discharge 
Pressure Fit (PSIG) Error (%) 
0.000 0.000 16.940 16.574 2.163 
1.036 1.036 16.940 16.602 2.000 
1.729 2.765 16.737 16.814 -0.461 
0.777 3.542 17.158 16.974 1.072 
3.802 7.344 17.158 18.260 -6.421 
2.160 9.504 18.405 19.312 -4.925 
1.469 10.973 19.653 20.136 -2.462 
3.974 14.947 22.988 22.712 1.201 
0.691 15.638 23.409 23.200 0.894 
1.469 17.107 24.656 24.263 1.594 
1.037 18.144 25.701 25.032 2.604 
3.197 21.341 28.413 27.443 3.412 
0.345 21.686 28.210 27.704 1.792 
1.728 23.414 29.457 29.001 1.547 
1.210 24.624 30.298 29.893 1.337 
0.691 25.315 30.298 30.394 -0.315 
1.469 26.784 31.125 31.429 -0.978 
2.073 28.857 32.590 32.807 -0.667 
1.124 29.981 33.011 33.504 -1.493 
0.431 30.412 33.417 33.760 -1.026 
1.556 31.968 33.837 34.628 -2.335 
0.345 32.313 34.679 34.807 -0.371 
3.456 35.769 36.550 36.306 0.666 
0.691 36.460 36.753 36.533 0.598 
1.296 37.756 37.594 36.883 1.889 
0.951 38.707 37.594 37.076 1.378 
 7.344  18.260  
 17.107  24.263  
 35.165  36.087  
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The increasing part of the first peak of the discharge pressure curve lasted for 38.707 sec (see Fig. 
G3). Therefore, three points in time were selected in order to determine the Grundfos pumps’ 
efficiency. These points in time were 7.344 sec, 17.107 sec, and 35.165 sec. These points in time 
were the same points taken for the power consumption (Table G.1) and flow rate curve fit (Table 
G.2) in order to have exactly the same operating points in time. Thus, the Grundfos pumps’ 
efficiency could be determined.   
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Appendix H: Energy Consumption Calculations 
Case 2 Energy Consumption Calculations 
Estimated energy consumption calculations for the day on which Test#1 was performed, March 
11, 2015. The total steam generated was 709,900 lb. 
For Grundfos Pumps: 
Average power consumption = 1.592 kW (from Test #1, March 11) 
Estimated average power consumption for March 11, 2015 
                                           Ep = 1.592 kW (24 hr) = 38.219 kW-hr 
For Worthington Pump: 
Average power consumption = 3.999 kW (from Test #1, March 11) 
Estimated average power consumption for March 11, 2015 
                                              = 3.999 kW (24 hr) = 95.989 kW-hr 
Estimated average energy consumption for the month of March, 2015 for Grundfos and 
Worthington pumps is shown in the Table H.1. 
The daily energy consumption in Table H.1 was calculated using Eq. (20). 
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 Table H1: Estimated average daily energy consumption in kW-hr 
Mar TOTAL STEAM  Grundfos  Worthington  
2015 GENERATED (lb) Pumps (kW-hr) Pump (kW-hr) 
1 1368500 73.676 185.043 
2 1290700 69.488 174.523 
3 1163400 62.634 157.310 
4 1379900 74.290 186.584 
5 1453400 78.247 196.523 
6 1121300 60.368 151.617 
7 873700 47.038 118.138 
8 799700 43.054 108.132 
9 860200 46.311 116.313 
10 824300 44.378 111.458 
11 709900 *38.219 *95.990 
12 643600 34.650 87.025 
13 624800 33.638 84.483 
14 691700 37.239 93.529 
15 683400 36.792 92.406 
16 577900 31.113 78.141 
17 759500 40.889 102.696 
18 934600 50.316 126.373 
19 977400 52.621 132.160 
20 854900 46.026 115.596 
21 692600 37.288 93.650 
22 646500 34.806 87.417 
23 771300 41.525 104.292 
24 867600 46.709 117.313 
25 878500 47.296 118.787 
26 949400 51.113 128.374 
27 1013300 54.553 137.014 
28 889000 47.861 120.207 
29 772600 41.595 104.468 
30 724900 39.027 98.018 
31 619900 33.374 83.820 
Total month estimated energy consumption kW-hr  =      1476.134                          3707.40 
* Known/ inputs for calculations in Eq. (20) 
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1- The energy consumption of other cold months, i.e., November through February, was based 
on the estimated energy calculated for March, 2015. 
2- The energy consumption of other hot months, i.e., May through October, was based on the 
estimated energy calculated for April, 2015. 
 
From Table H1: 
     Estimated energy consumption of March, 2015 of Worthington pump = 3,707.4 kW-hr 
     Estimated energy consumption of March, 2015 of Grundfos pumps = 1,476.1 kW-h 
Estimated average energy consumption of April, 2015 of Grundfos pumps (Sections 3.2.2, 3.2.3, 
3.2.4) 
     Ẇ = 1.1609 kW (Test #2) 
     Ẇ = 1.619 kW (Test #3) 
     Ẇ = 1 kW (Test #4) 
     Ẇ = Estimated average of Test #s 2, 3, and 4 for April, 2015 of Grundfos pumps = 1.263 kW 
All of the tests above were performed in April of 2015. Because this thesis was written in mid-
April of 2015, the total steam generated in April, 2015 was not available. Therefore, in order to 
calculate the other hot months (May through October), the total steam generated in April, 2014 
was used.     
Ep = Estimated average energy consumption in April, 2015 
     = (Power consumption in kW) (30 Days) (24 hr/Day) = 909.4 kW-hr 
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Estimated average energy consumption of April, 2015 of Worthington pump (Sections 3.2.2, 
3.2.3, 3.2.4) 
  Ẇ = 3.993 kW (Test #2) 
  Ẇ = 3.934 kW (Test #3) 
  Ẇ = 3.995 kW (Test #4) 
  Ẇ = Estimated average of Test #s 2, 3, and 4 for April, 2015 of Worthington pump = 3.974 kW 
Ep= Estimated average energy consumption in April, 2015 
         = (Power consumption in kW) (30 Day) (24 hr/Day) = 2,956.6 kW-hr 
Equations (H1.1) and (H1.2) were used in order to calculate the annual energy consumption. 
𝐸𝑝 ( 𝐻𝑜𝑡 𝑚𝑜𝑛𝑡ℎ𝑠 (𝑆𝑢𝑚𝑚𝑒𝑟)) = 𝐸𝑝(𝐴𝑝𝑟𝑖𝑙,  2015)
𝑆𝐺  (𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑜𝑛𝑡ℎ) 𝑙𝑏
        𝑆𝐺 (𝐴𝑝𝑟𝑖𝑙 2014)  𝑙𝑏
           (𝐻1.1) 
𝐸𝑝 ( 𝐶𝑜𝑙𝑑 𝑚𝑜𝑛𝑡ℎ𝑠 (𝑊𝑖𝑛𝑡𝑒𝑟)) = 𝐸𝑝(𝑀𝑎𝑟𝑐ℎ, 2015)
𝑆𝐺 (𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑀𝑜𝑛𝑡ℎ) 𝑙𝑏
        𝑆𝐺 (𝑀𝑎𝑟𝑐ℎ 2015)  𝑙𝑏
       (𝐻1.2) 
Notice that the number of days in each month cancel out as shown below. Therefore, the number 
of days in a month did not affect the calculations (See Eqs. (H1.1a) and (H1.1b)). For example, 
in order to calculate the estimated energy consumption for the month of May, 2014.  
𝐸𝑝 ( 𝑀𝑎𝑦, 2014) =  𝐸𝑝 (𝐴𝑝𝑟𝑖𝑙, 2015) (
31 𝑑𝑎𝑦𝑠 
30 𝑑𝑎𝑦𝑠
)
𝑆𝐺  ( 𝑀𝑎𝑦, 2014)𝑙𝑏
31 𝑑𝑎𝑦𝑠
𝑆𝐺  (𝐴𝑝𝑟𝑖𝑙, 2014)𝑙𝑏
30 𝑑𝑎𝑦𝑠
                 (𝐻1.1𝑎)  
or: 
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𝐸𝑝 (𝑀𝑎𝑦 , 2014) = 𝐸𝑝 (𝐴𝑝𝑟𝑖𝑙,   2015)
𝑆𝐺 (𝑀𝑎𝑦, 2014)𝑙𝑏
𝑆𝐺 (𝐴𝑝𝑟𝑖𝑙,  2014)𝑙𝑏
                               (𝐻1.1𝑏) 
Based on the equations (H1.1) and (H1.2), the annual energy consumption was calculated and 
shown in Table H2. 
     Steam generated in April, 2014 = 20,085,100 lb 
     Steam generated in March, 2015 = 27,418,400 lb 
Again, the steam generated in April, 2014 was used to calculate the energy consumption of the 
hot months (May to October) because the total steam generated in April, 2015 was not available 
at the time when this thesis was written.  
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 Table H2: Estimated average annual energy consumption of Worthington and Grundfos 
pumps  
* Known/ input values for calculations of Eqs. (H1.1) and (H1.2) 
Month 
 
Year 
 
Total Steam 
Generated 
(lb) 
Grundfos 
Pumps (kW-hr) 
Worthington 
Pump (kW-hr) 
April 2014 20,085,100 909.44* 2,956.65* 
May 2014 13,838,600 626.60 2,037.13 
June 2014 13,903,500 629.54 2,046.68 
July 2014 13,015,900 589.35 1,916.02 
August 2014 13,637,200 617.48 2,007.48 
September 2014 14,175,800 641.87 2,086.77 
October 2014 17,721,800 802.43 2,608.76 
November 2014 31,515,000 1,696.68 4,261.33 
December 2014 35,417,400 1,906.78 4,788.99 
January 2015 37,821,700 2,036.22 5,114.09 
February 2015 38,179,100 2,055.46 5,162.42 
March 2015 27,418,400 1,476.13* 3,707.4* 
Total estimated energy consumption  13,987.98 38,693.71 
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Appendix I: Pumps LCCA (Comparative Analysis) 
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Cash Flow Analysis 
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Summary LCC 
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Appendix J: Vent Condenser LCCA  
Vent Condenser LCCA (Summary LCC) 
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Appendix K: Level Sensor Invoice 
  
